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ABSTRACT
EXAMINING LENGTH SCALES OF INTERFACIAL DYNAMICS IN ULTRA-THIN
POLYMER GLASSES
Ethan Chapman Glor
Zahra Fakhraai
Amorphous polymeric materials are increasingly used in a variety of technologies ranging
from organic electronics to gas separation membranes. As many of these applications trend
towards the nanoscale, it is imperative to know how the properties of nanoscale polymer
glasses compare to those of the bulk material. While many cases have shown that the
dynamics of the interfaces affect the properties of a thin film, the length scale of these effects
are still heavily debated. In this thesis, I use ellipsometry to perform cooling rate dependent
Tg measurements in order to probe the average length scales of interfacial dynamics in ultrathin polymer glasses. These studies show that segmental motion from the surfaces of a film
can influence the dynamics of a material over length scales up to 40 nm, which is over
ten times the length scale of segmental motion. Furthermore, they show that while factors
such as polymer molecular weight, chain stiffness, and attractive substrate interactions can
have an effect on the overall dynamics of the system, they do not change the fact that the
dynamics from the air/polymer and polymer/substrate interfaces propagate through the
film over long length scales.
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CHAPTER 1 : Introduction
Amorphous materials, also known as glasses, play an important role in many current
and emerging technologies. Metallic glasses are used as reinforcing fibers for tires,[68]
catalysts,[68] and power transmission applications.[40] Most telecommunication and information technologies involve the use of glass optical fibers. Amorphous inorganic semiconductors have revolutionized the field of rewritable data storage.[186] Glasses of small
organic molecules are used in organic light emitting diodes, and pharmaceuticals as both
drugs and drug coatings.[40] Polymer glasses, the main focus of this report, are used in
organic electronics,[40] gas separation membranes,[76] and even structural components for
airplanes.[40] Because of their obvious technological use, the formation of glasses and their
properties in various structural geometries have been extensively studied. Here, I present a
basic review of the formation of glasses and a description of previous work on the properties
of polymer thin films. I will then discuss my work on thin film properties of polymer glasses,
and polymer nanocomposites.

1.1. Glass Formation and the Kauzmann Entropy Crisis
Figure 1 shows a figure of entropy as a function of temperature for o-terphenyl.[40, 133]
Upon cooling at the high temperature limit, strong crystallizers undergo a normal first-order
phase transition from a liquid to a crystal. If the cooling rate is sufficiently fast, or the liquid
is a poor crystal former, such as in the case of atactic polymers, a liquid can bypass the
melting temperature without crystallizing. Such a liquid is considered to be supercooled.
Because the heat capacity of a supercooled liquid is larger than that of a crystal, the entropy
of the supercooled liquid falls off at a much faster rate than a crystal as the temperature
decreases. Assuming no other transition takes place, the theoretical supercooled liquid
will attain the same entropy as that of a perfect crystal at a temperature known as the
Kauzmann temperature (Tk ).[82] This presents a hypothetical problem because, in this
case, a disordered system would have the same conformational entropy as a perfect crystal
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Figure 1: Entropy as a function of temperature for o-terphenyl. Plot from Ref. [40]. Data
from Ref. [133]
which only has a single conformation. Furthermore, if the thought experiment is continued,
and no phase change occurs, the supercooled liquid would attain zero entropy at some non
zero temperature. This of course would violate the second law of thermodynamics.
In reality, however, this ”crisis” is avoided due to the slow kinetics of the system. As the
liquid is cooled below the melting point, the structural relaxation time (τα ) becomes longer,
indicative of a system that is moving more slowly. The liquid will continue to maintain an
equilibrium state, so long as the system is able to undergo a full relaxation. Fig 2 shows
how τα and the visctosity of two different supercooled liquids change as the temperature
decreases. As can be seen in fig 2, there are two main classifications of supercooled liquids,
strong and fragile.[5] Strong liquids, such as SiO2 are usually network solids, and exhibit an
Arrhenius temperature dependence to their viscosity. Most other glasses, including polymer
glasses, are considered fragile.[5] These glasses see their viscosity and τα increase up to 12
orders of magnitude as the temperature decreases. Eventually, for all types of glasses, there
2

Figure 2: Viscosity and relaxation time as a function of inverse temperature. Plot from
[40]. Data from Refs. [120] and [133]
reaches a temperature where τα is longer than the amount of time it takes to decrease a unit
of temperature as defined by the cooling rate of the system. At this temperature, the liquid
is kinetically trapped in a non-equilibrium state, known as a glass, and the temperautre at
which this occurs is known as the glass transition temperature (Tg ).[38].
In the glassy state, the system is structurally solid, but the molecules still have a structural
relaxation time, even if it is extremely long. Furthermore, there is no single glassy state.
Since the glass transition involves the kinetic trapping of the molecules in the system,
changing the cooling rate can change the Tg , and thus trap the glass in lower energy ”state”
with a lower Tg . Most bulk glasses have a relatively weak cooling rate dependence. When
the cooling rate is lowered by an order of magnitude bulk Tg only decreases by 5 K. A glass
also can attain a lower energy state through a natural, continuous relaxation process known
as aging, however, due to long relaxation times this process is incredibly slow.
Despite almost a century of research, the actual mechanism for the glass transition is poorly

3

understood. It stands to reason, however that the gradual nature of the glass transition
upon cooling suggests that these materials are able to maintain an intermediate state where
fast liquid dynamics and slow glassy dymanics occur simultaneously, with a growing length
scale of slow dynamics as the glass transition proceeds. This concept is known as dynamic
heterogeneity.[154, 17, 37, 143] Many aspects of this phenomenon are still under debate
including the length scales of the areas of differing dynamics and the rate, or size of the
growing areas of slow dynamics through the glass transition. For this reason, it makes sense
to perform experiments on glasses that approach these length scales (i.e.thin films). Furthermore, as the technological applications of polymer glasses trend towards the nanoscale,
it is imperative to have a full understanding of the properties (Tg , fragility, length scales of
dynamics) of the material at these size scales.

1.2. Dynamics of Thin Polymer Films
Supported thin polymer films, specifically of polystyrene, are ideal systems for the study
of glasses in confined geometry due to their simple fabrication, and the relative ease of
measuring its properties. By far the most focus in this area has been the size effect of
Tg . This is because Tg can be easily measured through the natural changes in the thermal
expansion of the glass as the film goes through the glass transition. Furthermore, Tg is an
indirect measure of the average dynamics of the thin film, and thus conclusions can be drawn
on the difference between the dynamics of bulk films and thin films. As far back as 1994,
Tg has been measured this way via ellipsometry.[85] In the seminal work by Keddie Jones
and Corry,[85] it was discovered that the Tg of polystyrene thin films (thickness < 60 nm)
decreases from that of the bulk, indicating the presence of enhanced dynamics. The cause of
these enhanced dynamics, they hypothesized, is the presence of a layer near the air/polymer
interface with dynamics much faster than that of the bulk. As the film thickness decreases,
the layer of enhanced mobility plays a greater role in the overall dynamics of the glass, thus
producing a lower Tg . Fig 3 shows the results of this study. Many studies since then have
confirmed this thickness dependence of Tg .[52, 53, 158, 44, 134, 42, 189, 43, 177, 149, 63, 59]
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Figure 3: Tg as a function of film thickness for PS. Plot republished from Ref.[85]
Moreover, around the time of the study by Keddie, Jones, and Cory, it was discovered that
thin polystyrne films dewett faster than their bulk counterparts, further supporting this
idea of enhanced dynamics at the air/polymer interface.[142]
The study of size confinement of polymer glasses has not been limited to Tg , however. Experiments as wide ranging as physical aging,[83, 134, 91, 135, 90] mechanical modulus,[166,
125], and simulations of Tg and aging[179, 132, 121, 159, 160] all show that the properties of
thin polystyrene films differ greatly from those of the bulk. Despite this evidence, however,
Tg reduction in thin polystyrene films and the presence and effect of enhanced mobility
near the air polymer interface remain a source of debate.[39, 155, 77, 14, 41, 174]
In response to this, there has been plenty of research performed with the intent of proving
both the existence and properties of the enhanced mobile layer. The relaxation time at the
free surface has been examined many times including nanoparticle embedding[172, 140] and
nanohole relaxation experiments[46]. All of these studies show that the dynamics at the
air/polymer interface are orders of magnitude faster than that of the bulk, and have a much
weaker temperature dependence. The data from these experiments can be seen in figure 4.
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Figure 4: τα as a function of inverse temperature for bulk and surface embedding[140] and
nanohole relaxation[46] experiments. The dashed line is the surface relaxation dynamics
predicted by Ref.[168]
As observed in figure 4, rather than being a simple shift in the bulk τα , the bulk and surface
dynamics diverge quickly at relaxation times τα > 1 sec, suggesting both the presence of a
gradient of dynamics within a thin film that is much larger than typical predicted length
scales of cooperative dynamics,[168, 121, 69] and the presence of more than one characteristic
length scale for enhanced dynamics, as has been previously predicted.[140, 130, 172]
Many fluorescence experiments have been performed in an attempt to measure the length
scale of enhanced dynamics. Many of these studies measure a single length scale for enhanced mobility of 4-8 nm,[130, 140, 46] with some showing a length scale that decreases
with temperature below Tg . Ellison et al., however used layered fluorescence experiments
to show that the length scale of enhanced mobility is much larger, and can be felt up to
60 nm from the free surface.[44] This discrepancy is not surprising, however, because the
propagation length can change depending on the experiment performed, and the property
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measured.[135, 66] Furthermore, these two length scales are not mutually exclusive. Recent models have shown that the barrier for molecular motion decreases greatly near the
air/polymer interface, but the effect of that relaxation propagates far into the film through
long range elastic interactions.[23, 110, 112, 111, 113] As a result, experiments must be
developed to simultaneously examine the way the mobile surface layer affects the properties
of the film, and the propagation length of that effect.
Many studies have attempted this to certain degrees. Sharp et al. in 2003 performed an
experiment to directly link Tg reductions to the presence of a free surface. They found
that the apparent Tg reductions in thin polystyrene films disappear when the air/polymer
interface is covered with a layer of gold. Conversely, adding a free surface magnifies the
effect of Tg reduction. Many studies on free-standing films show that the extra free surface
causes Tg reductions up to 70 K from bulk, and at thicknesses much larger than in supported
films.[109, 53, 180, 136] There are differences between free-standing and supported films
that cannot be explained by the simple addition of a second free surface. For example
free-standing films exhibit a strong molecular weight dependence on Tg , whereas most
studies on supporting films show no such dependence on molecular weight.[85, 43, 177, 149]
Furthermore, free-standing films have been seen to exhibit two Tg s[136, 137] where as this
has not yet been observed in supported films. Both of these discrepancies could possibly be
explained by the presence of substrate effects in supported films, however, substrate effects
are much more difficult to measure than those of the free surface. Only a few studies have
been performed on this interface, and they show that the dynamics near the substrate are
incredibly slow, and that polymers with attractive substrate interactions can even see their
Tg s increase in the thin film limit.[86, 178, 119, 98, 22] Despite these studies, quantifying the
dynamics at the polymer/substrate interface remains a challenge, and the only studies that
attempt such an analysis involve complicated experiments.[98, 22] Thus, it is reasonable to
search for new experimental probes to quantify the dynamics at this surface.
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1.3. Polymer Nanocomposites
Adding nanofillers to a polymer matrix presents a unique opportunity to improve the performance of functional materials. Such nanocomposite materials have been found to have
increased tensile strength,[6, 102, 99] ionic[60, 81, 170] and electrical conductivity[35, 183,
184], and have improved rheological,[115, 73, 104] thermal,[115, 92, 35] dewetting,[8, 103,
187] and self healing properties.[9] In many of these studies, the main driving force for
the improved properties is the interaction between the polymer and the nanofiller. If the
interaction between the filler and the polymer matrix is sufficiently strong that the overall properties of the material change, then, perhaps, a filler could be strategically selected
to both induce, and detect polymer/substrate interactions. We hypothesize that optically
active nanoparticles disperesed through a polymer matrix would be such a system.
The easiest way to examine whether or not nanoparticles added to a polymer matrix affect the dynamics of the polymer is to study if the presence of nanoparticles induces any
change to the Tg of the polymer. Similar to the aforementioned studies on substrate effects
in polymer films[86, 178, 119, 98, 22] experiments[28, 175, 7, 144, 127, 21] of nanoparticles in a polymer matrix show that when the forces between the polymer and the particle
are attractive, the Tg increases. Conversely, repulsive polymer/particle interactions reduce
Tg . Simulations of these systems shows a similar Tg effect[167] and also are able to show
that the increase in Tg is caused by slow polymer dynamics induced by polymer/particle
interactions.[167, 164, 32] Polymer grafted gold nanoparticles are particularly intriguing as
a method to study polymer dynamics near substrates because the polymer/particle interactions, and thus the dynamics as seen by the effect on Tg ,[21] and the viscosity[127] can
be finely tuned through both the properties of the polymer graft and the polymer matrix.
It should be noted, that the previous measurements of nanocomposite viscosity[127] were
performed with dielectric spectroscopy on bulk samples with a thickness of 0.3 mm. In
order to use such a system to determine thin film viscosity, a new analytical technique must
be developed.
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The optical properties of gold nanorods are incredibly tunable both through their aspect ratio and their connectivity, allowing them to be interesting candidates for nanoscale
devices.[20] As a result many studies have been performed to preferentially align nanorods
both side-by-side and end-to-end via the use of either small molecule[161, 156, 18, 169]
or polymer linkers.[75, 122] We hypothesize that gold nanorods are an ideal system for
studying the effects of solid substrates on polymer dynamics. Despite the afformentioned
research, they have only recently been grafted with polymer brushes and dispersed into a
polymer matrix.[74] However work by Ferrier et al. has shown that one can control the
side-by-side[48] and end-to-end[49] alignment of the nanorods, and thus also control the
optical properties of the nanocomposite.
Another benefit to studying nanocomposites with gold nanorods is the natural anisotropy
caused by the rod-like shape. If one could preferentially align the nanorods in a given
direction within the polymer matrix, and quickly and accurately characterize the anisotropy
of the film, then the natural loss of anisotropy due to rearrangement within the matrix
could give a measure of thin film viscosity. Furthermore, the strength and position of the
optical properties of the nanorods depends on the optical properties of the surrounding
medium.[49, 48] If, as mentioned above, polymers at a solid substrate are significantly
slower than that of the bulk, that should exhibit itself in the optical properties of the matrix
surrounding the nanoparticles, and thus changing the optical properties of the nanorod to
a corresponding degree. Such an experiment would turn the nanoparticle into both the
substrate and the probe, and could provide a simple method to measure thin film viscosity
and the dynamics at the polymer/substrate interface.

1.4. Summary
In this dissertation, I discuss my PhD work on the effects of interfaces on the dynamics of
polymer glasses. I begin with a study of the cooling rate dependence of Tg in polystyrene
thin films with the hypothesis that this cooling rate dependence can allow us to relate the
average dynamics of thin films to those of the bulk and free surface. Furthermore, this
9

study examines a subtle molecular weight effect in the thin film dynamics of supported
polystyrene films, a phenomenon rarely seen in previous work.[57, 58, 138, 190] Next I
sought to perform the first systematic study of chain chemistry on thin film dynamics,
and the propagation of enhanced mobility. In order to change the bulk properties of the
polymer in a truly systematic way, I used blends of polystyrene (PS) and poly(2,6-dimethyl1,4-phenylene Oxide) (PPO) due to their high miscibility and differing chain stiffnesses.
After these studies, my focus changed to studying the effect of the polymer/substrate interaction by using cooling rate dependent Tg measurements to determine how these effects
alter the thin film dynamics of poly(2-vinyl pyridine), and I discuss the first observation of
two Tg s in a single supported polymer film. Lastly, I begin the process of developing a new
method to analyze substrate interactions through a system of gold nanorods in a polymer
matrix. However, before any studies on polymer dynamics can be performed, we must
fully understand how to quickly and accurately characterize the optical properties of the
nanocomposites using ellipsometry. The work presented here shows how we can measure
the optical properties, degree of aggregation, anisotropy, and the extent of in plane ordering
of the gold nanorods with a single measurement. The fact that we can detect such subtle
changes in the optical properties of gold nanoparticles is encouraging for our future efforts
on using the extinction of nanorods to detect small changes in polymer viscosity, or as a
probe for molecular sensing.
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CHAPTER 2 : Experimental Methods
2.1. Cooling Rate Dependent Tg Msasurements
Reprinted with permission from Ethan C. Glor and Zahra Fakhraai. Cooling Rate Dependent Ellipsometry Measurements to Determine the Dynamics of Thin Glassy Films. Journal
of Visualized Experiments 107: e53499. Copyright 2015 Journal of Visualized Experiments.
2.1.1. Introduction
The purpose of this chapter is to describe the protocol for the various techniques used
throughout this report. While each individual chapter has its own experimental section,
this will provide a more detailed account of the experimental parameters and tricks that
are outside the scope of the individual studies themselves. Furthermore, I will present data
from various experiments to show examples of good and poor quality data.
This section in particular aims to fully describe a protocol for using ellipsometry for cooling
rate dependent Tg (CR-Tg ) experiments. These types of measurements have been previously
used to show a direct correlation between the average dynamics in ultra-thin polystyrene
films, and the dynamics at the free surface.[63] The advantage of CR-Tg over other types
of measurements typically used to measure dynamics such as fluorescence,[44] nanoparticle
embedding,[140] nanohole relaxation,[46] nanocalorimetry,[90] dielectric spectroscopy,[14]
and Brillouin light scattering,[180] studies is that they are relatively quick and simple experiments that do not utilize fluorophores or other complicated experimental techniques.
Recent advances in spectroscopic ellipsometry allow this technique to be used to efficiently
determine the optical properties of ultra-thin films of polymers and other types of hybrid
materials with exceptional accuracy. As such, this technique probes the average dynamics
of technologically applicable thin films in temperature and time regimes relevant to the
glass transition (T ≤ Tg , τα ≥ 100 sec). Furthermore, this technique will provide information on the expansion coefficients of the glassy and supper cooled liquid states as well as
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the fragility of the system, which can then be compared with data for bulk films. Lastly,
CR- Tg experiments can be used for any glassy system so long as the integrity of the film
remains throughout the experiment.
2.1.2. Thin Film Preparation
Films are prepared via spincoating from a solution of the polymer in a good solvent.
Polystyrene is generally disolved in toluene. The type of solvent does not matter, so long
as it dissolves the polymer and is relatively volatile. Poly(2-vinyl pyridine) (P2VP) for
example is spun from solutions in n-butanol. Once the solutions are made, it is important
they sit overnight in order for A) the polymer to dissolve fully, and B) all the bubbles that
form as you make the solution to settle out. If this isn’t done, than large holes will be
apparent on the surface of the spun film. In some cases, the quality of the film can be
improved by gently heating the solution before the spin coating process. The thickness of
the film can be controlled by two parameters, the concentration of the solutions, and the
spin speed. Think of these as a broad and fine adjustment to the thickness, respectively.
Large changes in the desired thickness of the film can be controled by the concentration of
the solution. The more concentrated the solution the thicker the film, with a thickness of
100 nm corresponding to a solution between 2 and 3 %wt depending on the polymer. Spin
speeds generally are set to 4000 RPM for 30 seconds, however one could change the speed
if small adjustments in the thickness of the film are required. A good rule of thumb is that
changing the spin speed by 1000 RPM will change the thickness of the film by about 1-2
nm. The faster you spin, the thinner the film. Once the film is made, it is imperative to
anneal the film above its bulk Tg for at least 15 hours to both remove any residual solvent,
and to relax any internal stresses induced through the spin coating processes.
2.1.3. Determining Film Thickness
The thickness of these films is verified using ellipsometry (M-2000V J.A. Wollam). Since the
polymers used in this study are transparent in the wavelength rage of the ellipsometer (360-
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1600 nm), the raw ellipsometric angles Ψ(λ) and ∆(λ) data can be fit to a Cauchy model
(n = A + λB2 , K = 0) on top of a silicon substrate with a 1.5 nm thick native oxide layer. n
and K in the Cauchy fit are the real and imaginary indices of refraction, respectively. For
films thicker than 10 nm, both the A and B parameters of the Cauchy equation should be
fit to accurately model the wavelength dependence of the index of refraction. The Cauchy
model is only physical when n is a decreasing function of wavelength, λ. Figure 5b shows
an example of a calculated index for a 110 nm polystyrene film, as evident by the always
decreasing value of n and k=0. For films thinner than 10 nm, the short path length of light
means only the A parameter in the Cauchy equation should be fit. In these extremely thin
films, having B as an open fit parameter can drive the ellipsometry fit to an unphysical
index, even if the fit of ψ(λ) and δ(λ) has a small mean squared error (MSE). Such an
example can be seen in Figure6. For some materials it may be necessary to fit higher order
terms in the Cauchy model or use a more sophisticated optical model in order to accurately
fit optical properties.
We also fit the angle of incidence to ensure that any uncertainty in the angle does not affect
the data. Focusing optics were used to reduce the beam size to 30 microns. Calibrations
were performed on Si wafers with a thermally grown oxide layer of a known thickness to
correct for any changes due to the focusing optics. The ellipsometer loses sensitivity at
the low end of the wavelength range, so for this reason we only use a wavelength range of
450-1600 nm.
2.1.4. Determining Thickness Through A Temperature Profile
When fitting the thickness of a film throughout the temperature profile, it is important to
remember both the polystyrene film and the Si wafer substrate will expand, and their optical
properties will change with temperature. Thus, in order to calculate accurate expansion
coefficients, the index of the Si substrate must be fit with a temperature dependent model to
account for changes in the optical properties of Si. An easy way to check if the Si substrate
is modeled correctly is to see if the fit’s MSE changes significantly with temperature. Figure
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Figure 5: A) An example of ψ(λ) (red solid line) and δ(λ) (green solid line) of a 110 nm
film of polystyrene, and the resulting fit (black dashed line). B) An example of the physical
index n (red line) and k (blue line) produced by the fit in part A.
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Figure 6: A) An example of ψ(λ) (red solid line) and δ(λ) (green solid line) of an 8 nm film
of polystyrene, and the resulting fit (black dashed line). B) An example of the unphysical
index n (red line) and k (blue line) produced by the fit in part A.
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7a shows an example of a thickness, temperature, and MSE profile for a fit that models
the temperature dependence of the index of Si correctly, while Figure 7b shows the same
profiles when the fit that does not correctly account for the changes in the optical properties
of Si substrate. Notice that the MSE values in Figure 7b vary greatly with temperature.
The MSE decrease in Figure 7a is due to switching from an acquisition time of 1 second to
3 seconds.
2.1.5. Temperature Correction During Cooling Rate Dependent Tg Measurements
The most important part of the mechanics of performing the cooling rate dependent studies
is maintaining good thermal contact between the sample and the temperature control stage
(Linkam THMS600). The first steps we take to ensure good thermal contact is the use of
thermal paste (Arctic Alumina) When applying the thermal paste we make sure that there
is a nice layer, but it needs to be very thin. If it is not, the thermal paste will move up
onto the film after it has been clamped, and will dissolve the film. Once the thermal paste
is applied, and the film is clamped to the temperature stage, we flow dry nitrogen through
the stage. Then simply track the thickness of the film through the desired temperature
profile. Usually, the films are heated to Tg + 20 K at a rate of 150 K/min, and held at
this temperature for twenty minutes. For polystyrene films, The sample is then cooled
between 393 K and 293 K at rates of 150, 120, 90, 60, 30, 10, 7, 3, and 1 K/min, and
between each cooling the film is brought to 393 K at 150 K/min, and held there for 5
minutes. Despite our best efforts, there is still be some temperature mismatch between the
temperature read by the ellipsometer software, and the actual temperature of the film at
the time of measurement. The ellipsometer records the temperature after it has finished
data aquisition for Ψ(λ) and ∆(λ), thus the actual temperature of the film at the time of
collection is the average of the listed temperature and the previously listed temperature.
This can be corrected post acquisition. Also, usually a small temperature lag (<4 degrees
for cooling rates above 90 K/min) can be observed in the thickness data of thick films where
noise is low. This temperature shift, can be taken into account post acquisition by adding
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Figure 7: A) An example of a typical temperature, thickness, and MSE profile for a single
CR-Tg experiment on a 110nm polystyrene film when correctly accounting for the temperature dependent index of the Si Substrate. B) An example of a typical temperature,
thickness, and MSE profile for a single CR-Tg experiment on the same film when incorrectly
accounting for the temperature dependent index of the Si Substrate.
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the temperature lag to the temperature of the sample. When doing this, however, it is
imperative to use the same temperature lag at a given rate for every sample otherwise the
determined values of Tg could be artificially high or low. This should be reflected in the
reported errors of Tg for cooling rates above 90 K/min.
2.1.6. Assigning Tg
The Tg can be calculated from a thickness vs. temperature plot for a given cooling ramp.
Figure 8 shows an example of such a curve. The Tg is defined as the temperature where a
supercooled liquid falls out of equilibrium upon cooling. In these ellipsometry experiments,
the Tg can be defined two different ways. The first method defines Tg as the temperature at
which linear fits to the supercooled liquid and glassy regimes intersect. Figure 8 highlights
these regimes as red and blue, respectively. These regimes should be chosen such that
the calculated expansion coefficients agree with previous bulk measurements, if available.
This method would eliminate subjectivity from the selection process, which could lead to
artificially high or low expansion coefficients, and therefore less accurate measures of Tg .
Additionally, the expansion coefficients should be independent of film thickness and cooling
rate, which can provide guidance in cases where bulk values of expansion coefficient are not
available. The expansion coefficients can be calculated by dividing the slopes of the two
regimes by the film thickness. Using this method for determining Tg , the Tg for a 110nm
film of polystyrene is measured to be 372 ± 2 K at 10 K/min, and the expansion coefficients
of the supper-cooled liquid and glass are 5.7 x 10−4 ± 3 x 10−5 K −1 and 1.5 x 10−4 ± 3
x 10−5 K −1 , respectively, which agree well with previously determined values.[89] In some
cases, most notably in the poly(2-vinyl pyridine) study presented later in this report, holding
the expansion coefficients constant does not accurately describe the data. In these cases, we
hold the selected temperature range for both regimes constant. The errors on the values of
Tg , and the expansion coefficients are a result of reasonable changes in the selected regions
for the super-cooled and glassy regimes.
Alternatively, the raw thickness vs. temperature data can be fit to Equation 2.1[180].

18

Figure 8: A typical plot of thickness vs. temperature for a 110 nm film of 342 Kg/mol PS
at a cooling rate of 10 K/min. The shaded parts of the curve represent the super-cooled
liquid (red) and glassy (blue) regimes chosen for the purposes of assigning Tg . Tg is defined
as the temperature at which the two linear fits intersect. Using this method, the Tg for a
110nm film of polystyrene is measured to be 372 pm 2 K at 10 K/min, and the expansion
coefficients of the supper-cooled liquid and glass are 5.7 x 10−4 pm 3 x 10−5 K −1 and 1.5
x 10−4 pm 3 x 10−5 K −1 , respectively.
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Here, M and G are the slops of the super-cooled liquid and glass lines, respectively, and
w represents the width of the transition. In order to obtain reliable values for Tg using
this method, we held the apparent expansion coefficients of the super-cooled liquid and
glass constant and equal to the corresponding values for the thick films in a similar way we
performed the linear method.
2.1.7. Analyzing Average Film Dynamics
The cooling rate dependent Tg data can be related to the average relaxation time at Tg
through the empirical relation that at a cooling rate of 10 K/min, the system falls out of
equilibrium when the average relaxation time is equal to 100 sec i.e. cooling rate x τα =
1000.[47] Applying this relation to the data in Figure 9a, a plot of log(cooling rate) vs. 1/Tg
(Figure 9b) can be used to evaluate how accurate this relation is for polystyrene, and how
well the CR-Tg method describes bulk dynamics for a thick film. The red data in Figure 9b
are the bulk dynamics of polystyrene as determined via dielectric spectroscopy.[14] While
the cooling rate x τα = 1000 relation is purely empirical, and may change slightly based on
the experimental technique used to determine bulk dynamics, or the specific glass former
being tested,[153, 34] Figure 9b shows that the cooling rate dependent Tg data for a 110
nm film of polystyrene agrees well with this data. This figure also shows that CR-Tg can
be used to extend the dynamical range of the measurements to low temperatures, which
are usually not accessible by dielectric relaxation measurements. Furthermore, the slope of
a linear fit of the Log(CR) vs. 1/Tg data is related to the activation energy of the glass
transition. This activation energy relates to the fragility (m) of the glassy film at Tg by the
relation;
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The second term is only correct if an Arrhenius fit to the data is used as an approximation.
Using this method, the fragility for a 110 nm PS film is measured to be 162 ± 21. This
value is in good agreement with reported values for bulk polystyrene in the literature (150)
from dynamic scanning calorimetry measurements.[196]

2.2. Nanocomposite Analysis
The next section of this dissertation is the use of ellipsometry to characterize the optical
properties of nanoparticles. Typically, when we perform ellipsometry experiments on transparent polymer films, the films are spun onto silicon substrates, and the measurements are
performed at a single angle of incidence (70◦ ). This works because the amount of polymer
present in the film is enough to, at the very least, change the phase of the light enough
to detect the thickness of the film. However, if one attempts to use ellipsometry to characterize the optical behavior of nanoparticles on a silicon substrate, the reflection of the
silicon dominates the relatively weak scattering intensity of the nanoparticles. To avoid this
problem, nanoparticle-containing samples can be fabricated onto glass substrates. Unlike
Si, glass is transparent, allowing for the detection of subtle absorptions from nanoparticles.
Furthermore, etching the backside of the glass substrate can remove backside reflection,
further improving the detectable signal from the nanoparticles.
This was an exciting development because it allowed us to use ellipsometry to characterize
the optical properties of other interesting systems. For example we can use multi-angle
ellipsometry experiments to determine the aggregation state and estimate the ensemble
in-plane ordering of gold nanorods in a polymer nanocomposite with a single, rapid measurement. The specific method for this analysis can be found in the Nanocomposite chapter
later in this report. Another advantage of ellipsometry is its ability to be used to determine
the optical properties of a system in situ. These types of measurements would allow us to
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Figure 9: A) A Plot of Tg vs. Cooling Rate for a 110 nm film of polystyrene B) Plot of Log
(Cooling Rate) vs. 1000/Tg for the same film (black circles). With the relation cooling rate
x τα = 1000, the results of a CR-Tg experiment on 110nm PS are plotted alongside direct
measures of bulk dynamics dynamics of PS, using dielectric relaxation[14] of PS with no
further shifting factors (red open squares). The red dashed line is a result of the data from
Ref [14] being fit to the Volgel Fulcher Tammann equation fit to the dielectric relaxation
data.[14] The resultant fit parameters are τ0 = 101 2 , B = 1332200 K, and T0 = 3321.87 K.
The value of T* is plotted here as a blue star.[63] From the plot, the fragility is measured to
be 162 21. This value is in good agreement with previously reported values in the literature
(150).[196]
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Figure 10: An example of ψ(λ) (red solid line) and δ(λ)for a film of dewetted gold nanoparticles
examine small shifts in the plasmonic resonance of metallic nanoparticles during sensing or
catalytic processes. We have begun such studies through a collaboration with the Borguet
group from Temple University. These studies are discussed further in the Future Work
section of this report, but an example of the raw ψ(λ) and δ(λ) of one of their films of
dewetted gold nanoparticles can be seen in figure 10. From figure 10 it is clear that using
etched glass as a substrate allows for the detection of the plasmonic resonance of dewetted
gold nanoparticles.
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CHAPTER 3 : Facilitation of Enhanced Surface Mobility Through Polystyrene
Films
Reprinted with Permission from Ethan C Glor and Zahra Fakhraai Facilitation of Interfacial
Dynamics in Entangled Polymer Films. The Journal of Chemical Physics, 141: 194505,
2014. Copyright 2014 American Institute of Physics.

3.1. Abstract
In this report, we use cooling-rate dependent Tg measurements (CR- Tg ) to indirectly probe
the relaxation dynamics of supported polystyrene thin films of various molecular weights,
all chosen to be above the entanglement molecular weight. We show that the dynamics in
these films deviate from bulk dynamics below a temperature T∗ = Tg + 6K = 380K ± 1K.
We show that T∗ for films of all thicknesses and molecular weights is the same as the
temperature at which the free surface dynamics deviate from the bulk dynamics. The
apparent activation barrier of the glass transition in thin films decreases towards that of
the free surface as the film thickness decreases. This provides strong evidence that thin film
dynamics are facilitated by the enhanced mobility at the free surface. The observation of T∗
can help resolve some seemingly contradictory data by suggesting that studies performed
at higher temperatures (T > T∗ ), or which probe shorter relaxation times (τ < τ ∗ ∼ 1
sec) would not observe properties that deviate from bulk values. We also demonstrate that
the relaxation dynamics of supported entangled polystyrene films slow down slightly as the
molecular weight of polystyrene increases. An eight nanometer film of Mw =2,240 kg/mol
polystyrene shows a Tg reduction of 27 K at a cooling rate of 1 K/min, while a film of the
same thickness made of Mw =45.8 kg/mol polystyrene has a 36 K reduction of Tg compared
to the bulk film at the same cooling rate. We hypothesize this is either due to the density of
a dynamically ”dead” layer near the substrate increasing with molecular weight, or partial
anchoring of long chains, which could hinder segmental diffusion near the free surface.
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3.2. Introduction
Many experimental [85, 52, 53, 158, 44, 134, 42, 189, 43, 177, 149] and theoretical [179,
132, 121, 159] studies show that the glass transition temperatures (Tg s), average dynamics,
and mechanical moduli[166, 125] of ultra thin polystyrene films differ greatly from those of
the bulk. The observed Tg reductions in ultra-thin polystyrene films are associated with
a layer of enhanced dynamics near the free surface of these films, but a direct correlation
remains a point of debate.[39, 155, 77, 14, 41, 174] The properties of this layer have been
directly probed using a variety of techniques, including nanoparticle embedding [172, 140]
and nanohole relaxation.[46] These studies show that the surface dynamics are enhanced
by many orders of magnitude with a temperature dependence much weaker than the bulk
alpha relaxation time, τα . The temperature dependence of the surface dynamics, τsurf ace ,
cannot be explained by a simple shift in τα , and the two curves appear to cross at a
temperature T∗ . As such, it is not clear that a single length scale[140, 130, 172] related
to the correlation lengths of glassy dynamics[168, 121, 69] would be enough to describe
the surface dynamics in polymer glasses. For example, there is some evidence that the
propagation length of the effect of the free surface layer may be much larger than the
thickness of this layer.[150, 44, 134]
Determining the values for these two possible length scales could prove difficult, as the
propagation depth may vary depending on the property measured,[135, 66] and the specific
influences of the free surface dynamics on that particular property. Furthermore, the substrate may also affect the properties of thin films by slowing the overall dynamics.[119] As
such, one cannot simply extrapolate observations from thin film studies to the properties
of the gradient of dynamics at the surface of a bulk film. Despite these challenges, a lot of
effort has been put into determining a length scale for surface mobility. Some studies show
that the thickness of the free-surface layer is about 4-8 nm at Tg [130, 140, 46], and decreases
with decreasing temperature below Tg . [130] However, Ellison et al. [44] showed that the
effects of surface mobility can be felt 60 nm from the free surface. The difference between
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these two values could either originate from the chain connectivity in polymeric systems,
or from long range elastic forces that can perturb glassy dynamics over much longer length
scales than the correlation length scale for cooperative dynamics[23, 110, 112, 111, 113].
If chain connectivity effects influence the dynamics of thin polymer films, then the properties
of these films should depend on the chain size and configuration. While the Tg of thin free
standing films is strongly dependent on molecular weight, [109, 180, 136] most studies on
Tg reduction in supported polystyrene films show no molecular weight dependence.[43,
177, 149] However, a few studies do provide some evidence that a weak molecular weight
dependence might exist in the dynamics of supported polystyrene films.[57, 58, 138, 190]
In this study, we use ellipsometry at various cooling rates to measure the Tg of films with
various thicknesses and molecular weights. CR-Tg measurements have been previously used
to measure average relaxation dynamics in ultra-thin polystyrene films.[47, 91, 77] In this
method, the cooling rate is used as a measure of inverse relaxation time at the temperature
that the system falls out of equilibrium, Tg . The advantage of this method over other
experimental techniques [44, 130, 57] is that it is relatively simple, it does not require the
use of a probe or complicated experimental techniques, and it probes the average relaxation
dynamics of a film in temperature and relaxation time regimes that are relevant for the
glass transition (τα >100 s). The results of this study are two fold. First, these experiments
provide strong evidence, both from the common T∗ values and increasingly broad Tg s at
lower thicknesses, that the difference in the relaxation dynamics between the bulk and
thin films is directly caused by the enhanced dynamics at the free surface. Second, these
experiments show that the glass transition and relaxation dynamics of spun-cast supported
polystyrene films are weakly dependent on molecular weight. The observed increase in Tg
with molecular weight could either stem from the kinetic facilitation of slow dynamics from
a layer near the substrate, which is denser at higher molecular weights, or the increased
anchoring of parts of the chain in the glassy state, which effectively slows the free surface
and reduces the gradient of free surface dynamics. The data presented here is not enough
to distinguish between these two scenarios, and more work is needed to clarify the origins
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of this effect. However, we note that the latter explanation could potentially unify the
observations of supported polymer films with those of free standing films.[109, 180, 136]

3.3. Experimental Methods
Ultra-thin films were made of polystyrene (Polymer Source Inc.) of various molecular
weights via spin-coating onto silicon wafers with native oxide layer (Virginia Semiconductor) from solutions in toluene (Aldrich). The Molecular weights used were 22,000 g/mol
(Mw /Mn = 1.07), 45,800g/mol (Mw /Mn = 1.04), 136,000 g/mol (Mw /Mn = 1.07), 342,000
g/mol (Mw /Mn = 1.15), 609,000 g/mol (Mw /Mn = 1.16), 835,000 g/mol (Mw /Mn = 1.16),
1,502,000 g/mol (Mw /Mn = 1.3), 2,240,000 g/mol (Mw /Mn = 1.18), and 7,100,000 g/mol
(Mw /Mn = 1.25). The thicknesses of the films were controlled by solution concentration
(0.2-4 wt%) and spin speed (2000-4000 rpm). Specifically, the 8 nm films were spuncast
from the following PS solutions in toluene (spin speeds in parenthesis), 22 kg/mol 0.195%
wt. (3000 rpm), 45.8 kg/mol 0.196% wt (4000 rpm), 136 kg/mol 0.2% wt (2000 rpm), 342
kg/mol 0.212% wt (4000 rpm), 609 kg/mol 0.188% wt. (3000 rpm), 835 kg/mol 0.218% wt
(4000rpm), 1.56M 1.98% wt. (3000 rpm), 2.2 M g/mol 0.184% wt (2000 rpm). The films
were annealed under vacuum at 393 K for 15 hours.
The thickness of these films was verified using ellipsometery (M-2000V J.A. Wollam). The
raw ellipsometric angles Ψ and ∆ data were fit to a Cauchy model (n = A +

B
,
λ2

K = 0).

Where n and K are the real and imaginary indexes of refraction. For 8 nm (±1 nm)
films, B was also held at 0 due to the short path length of the light passing through
the sample and reduced resolution. We also fit the angle of incidence to ensure that any
uncertainty in the angle does not affect the data. Focusing optics were used to reduce the
bean size to 30 microns. Calibrations were performed on Si wafers with a thermally grown
oxide layer of a known thickness to correct for any changes due to the focusing optics.
Furthermore, the spectroscopic wavelength range during the measurement was 500-1600
nm. The ellipsometer was aligned with the focusing optics off, to ensure a direct light path
with a 70◦ reflection off of the sample. Figure 11 shows an example of the raw ellipsometic
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Figure 11: A typical plot of the raw ellipsometry data
data and the corresponding fits to the data.
The films were mounted onto a Linkam THMS 350V heating stage that was attached to the
ellipsometer. The thickness of the films were tracked while the temperature was changed.
The ellipsometry sampling rate for measurements during fast cooling ramps (>7 K/min)
was 1 second with high-accuracy zone averaging. To ensure good thermal contact between
our PS samples and the Linkam temperature controller, the heating element was coated
with Arctic Alumina thermal paste (Arctic Silver, Inc.), and the PS sample was clamped
tightly to the heating element. Due to the use of the ellipsometers high-accuracy setting
(zone averaging), the actual temperature was the average of the listed temperature and
the previously listed temperature. This was corrected post acquisition. Also, a small
temperature lag (<4 degrees for cooling rates above 90 K/min) was observed in both indium
melting tests, and in the thickness data. This temperature shift, which was the same for
all samples, was taken into account post acquisition. All of this puts a minimum error on
our temperature of pm 1.5 K. If the error values on Tg, as described in the main text, was
less than this value, an error on 1.5 K was assigned. The sampling rate for measurements
during slow cooling rates (<7 K/min) was 3 seconds with high-accuracy zone averaging.
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The temperature of the film was raised to 393 K at a rate of 150 K/min, then held at 393
K for 20 min. After that the film was subject to multiple cycles of heating and cooling
between 393K and 293K. Cooling was performed at various rates, while heating rates were
all kept constant at 150K/min. Both the heating and cooling rates were maintained using
a liquid nitrogen cooling system, and, throughout the experiment, the Linkam temperature
stage was purged with dry nitrogen gas. Figure 27 shows the details of various ramp rates
and the ellipsometry results. During these ramps, the thickness of the film was calculated
via the method described previously, with the exception that a temperature dependent Si
model was used to describe the index of the substrate, ensuring that any and all observed
expansion was due to the expansion of PS. The first and last ramp rates were always chosen
to be the same at 150K/min in oder to ensure that the film properties remained the same
over time and the Tg values were independent of the order of the measurement.
The Tg of each film was determined via two methods. First, the glassy and supercooled
liquid portions of the expansion were fit to a straight line, and the intersection point of
those two lines was chosen as the average Tg of the film. We ensured that the values of the
apparent expansion coefficient using this method were consistent with bulk values. We note
that due to the large width of the transition, it is important to gather data at temperatures
much lower than bulk Tg before the expansion coefficient of the glassy regime becomes the
same as the corresponding apparent value for thick films. Second, the raw thickness vs.
temperature data was fit to Equation 1[180].
 


T − Tg
M −G
ln cosh
+
h(T ) = w
2
w


M +G
+c
(T − Tg )
2


Here M and G are the slope of the super-cooled liquid and glass lines and w represents the
width of the transition. In order to obtain reliable values for Tg , the apparent expansion
coefficients of the super-cooled liquid and glass were kept constant and equal to the corresponding values for the thick films measured for this study (6.2×10−4 for supercooled liquid
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Figure 12: An A) temperature B) thickness and C) Mean Square Error profile for a 76 nm
PS film. The temperature was held at 393 K for 20 min, then cooled to 293 K at rates of
150, 120, 90, 60, 30, 10, 7, 3, and 1 K/min. We also note that the MSE does not change
systematically with temperature, suggesting the only effect of temperature in our results is
from the expansion or compression of the film.
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370.05 K ± 1.5 K 370.5 K ± 0.5 K

Figure 13: A typical plot of thickness as a function of temperature. Both methods of
determining Tg , as described in the text, are depicted here. We note that both methods
obtain a similar value of Tg .
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expansion and 1.5 × 10−4 for glassy expansion). w, Tg , and c were left as fit parameters. It
is worth noting that both methods of fitting for Tg originate from ellipsometry data, and
therefore measure values of a thermal Tg , where the system falls out of equilibrium, rather
than a dynamical Tg , as one might obtain from a dielectric measurement.
Figure 13 shows the thickness as a function of temperature obtained by ellipsometry for a
75nm film of Mw =45.8 kg/mol along with Tg values obtained using the two fitting methods.
Both methods resulted similar values for Tg . Figure 14 shows the Tg values of 8nm films
for various molecular weights obtained using both methods. This data provides further
confirmation that within the uncertainty of the data, the two methods report the same
value of Tg . At high cooling rates the number of data points that can be obtained during a
ramp cycle is too small to reliably fit using the second method. Therefore, the data at those
rates were only fit using the linear method. For some samples, the breadth of the transition
was large and two apparent Tg s seemed to exist. An example of such a data set can be seen
in Figure 15. However, in all cases we chose to fit the data to one Tg value as described
above. Those data points are highlighted with open symbols throughout this manuscript.
We will explore the details of these two apparent transitions in a separate publication. Each
data point reported here is the average of at least two independent measurements on two
separately prepared samples. The error on Tg was determined based on the largest possible
error due to the calculation of Tg on a single sample, or the reproducibility of the value of
Tg in the two experiments.
For comparison, bulk Tg values of 45,800 g/mol and 2,240,000 g/mol polystyrene samples
were determined by differential Scanning calorimetry (DSC) using a Q2000 DSC from TA
Instruments. The values were determined at a cooling rate of 10 K/min. The DSC curves
for these two samples can be seen in Figure 16.
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Figure 14: Tg as a function of Mw for 8 nm films of PS determined both via a linear Tg fit,
and fitting to Eq. 3.1, and 18 nm films of PS determined via a linear Tg fit.

Figure 15: An example of a data set with a very broad glass transition. The data is so
broad three different linear regimes can be observed.
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Figure 16: Dynamic Scanning Calorimetry data upon cooling at 10 deg/min for both 2,240
kg/mol PS and 45.8 kg/mol PS.

3.4. Results and Discussion
3.4.1. Cooling Rate Tg Experiments
Figure 17 shows Tg as a function of film thickness for two molecular weights (Mw ), 45.8
kg/mol and 2,240 kg/mol, both above the entanglement molecular weight of 31.2 kg/mol.[50]
This figure shows that Tg values at both molecular weights depend strongly on the cooling
rate of the experiment. The strong thickness dependence on Tg weakens as the cooling rate
increases, such that for films with Mw =2,240 kg/mol, the Tg of an 8 nm film cooled at
120 K/min only decreases by 7 K compared to the bulk Tg while the same film cooled at
1 K/min shows a 27 K decrease in Tg . This is consistent with previous studies of CR-Tg
by Fakhraai and Forrest on PS with molecular weight of 641 kg/mol, and Koh and Simon
on PS with a molecular weight of 1,998 kg/mol.[47, 91]. Furthermore, the extent of Tg
reduction also depends on Mw . An 8 nm film of Mw =45.8 kg/mol has a 36 K reduction of
Tg compared to the bulk. This difference between the two molecular weights becomes less
accentuated at fast cooling rates and at higher film thicknesses.
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a

b

Figure 17: Tg as a function of film thickness for PS films of Mw =2,240 kg/mol (top) and
Mw =45.8 kg/mol (bottom). Open symbols represent data points where two apparent Tg s
were observed. The values reported here are based on a single linear Tg fit. Curves are
meant to be guides for the eye.
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Figure 18: Arrhenius plot of log(cooling rate) (left axis) as a function of 1/Tg for 2,240
Kg/mol (A) and 45.8 kg/mol (B) for films of various thicknesses (open and filled symbols).
Thin solid lines show Arrhenius fits to the data. Open symbols represent data points
where two apparent Tg s were observed. The values reported here are based on a single
linear Tg fit. The thick solid line represents a plot of bulk τα vs. 1/T (right axis).[33] The
dashed line represents the surface relaxation times, τs from nanohole relaxation studies
(black squares)[46], and nanoembeding (black crosses) [140] experiments. The solid arrow
indicates bulk Tg as defined by DSC at a cooling rate of 10 K/min.
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To better depict the relation between the relaxation times of the surface and Tg reduction
in ultra-thin PS films, we can construct an Arrhenius plot of cooling rate (CR) as a function
of 1/Tg , as shown in Figure 18, for two molecular weights (Mw =45.8 kg/mol and 2,240
kg/mol). Plotting the data this way allows the CR-Tg experiments to be indirectly compared with measurements of relaxation time, τα , by assuming that the average relaxation
time at Tg inversely depends on the cooling rate with the relation that a cooling rate of
10 K/min usually corresponds to τα = 100 seconds.[47, 146] We note that this relationship
is an approximation, and may be material dependent. The structural relaxation times of
bulk[33] and the free surface of polystyrene[140, 46] are depicted on the same graph with no
further adjustments. These represent three different experimental methods. The cited bulk
relaxation data was determined via the second harmonic generation of red 1 chromophores
in polystyrene.[33] The kink in the data is due to the measurements being performed on
out of equilibrium bulk systems at low temperatures.[33] The free surface relaxation data
comes from both surface embedding,[140] and nanohole relaxation[46] experiments. Thick
films, for both molecular weights, show a bulk-like Volgel-Fulcher-Tamman (VFT) temperature dependence, that closely relates to direct bulk measurements. The Tg as measured
by differential scanning calorimetry (DSC) at 10 K/min agrees well with those measured in
thick films using ellipsometry. As such, we attribute the slight mismatch between our thick
films data and the cited bulk[33] to either a potential temperature calibration difference
between the two methods, or the assumed relationship between cooling rate of 10K/min
with relaxation time of 100 sec. This shows the reliability of CR-Tg measurements as a
means to probe the average relaxation dynamics in thin films. In agreement with previous
studies, [47, 91, 195] the temperature dependence of the relaxation times of ultra-thin films
strongly deviates from that of bulk. So much so, that in the limited range of the data
presented here, they appear Arrhenius at film thicknesses below 20 nm.
Arrhenius fits to the data show that all curves intersect the bulk VFT curve at a common
point, T∗ , at a temperature 379.8 K±1 K and relaxation times within an order of magnitude
of one another. The error on the temperature of T∗ was defined as the standard deviation of
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Figure 19: Tg width as a function of film thickness for 2,280 kg/mol. The width values
were determined based on the cosh fit. The inset shows Tg as a function of film thickness
with T+ and T− also as a function of film thickness.
the temperature at which the various Arrhenius fits intersect the bulk VFT curve. We note
that the uncertainty in defining the value of Tg in our ellipsometry data at the slowest rates
is ±1.5 K. Within the uncertainty of this CR-Tg data, the T∗ measured here is identical to
T∗ as determined by previously recorded direct relaxation time measurements of the free
surface using nanohole relaxation [46] and nanoparticle embedding [140, 172]. While we
cannot obtain data above T∗ with the current setup, many other experiments performed at
higher temperatures, or which probe relaxation times faster than that of T∗ fail to show a
significant Tg reduction[39, 155, 77, 14, 41, 174].
While these results observe the presence of T∗ , they are not sufficient to describe an origin
or mechanism of T∗ . As such, additional studies must be performed to build upon the
aforementioned observations of T∗ in polymeric systems[46, 140, 172] and the relatively few
studies on surface dynamics in small organic molecular glasses[201, 15, 31], none of which
observe T∗ .
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3.4.2. Gradient of Dynamics in Polystyrene Films
In addition to a common T∗ , Figure 18 shows that, without exception, all data points for
films of all thicknesses and molecular weights, in the entangled chain regime, fall between
the limits of the bulk and surface relaxation, strongly suggesting that the dynamics in thin
films are directly facilitated by the enhanced surface dynamics. The enhanced dynamics
due to τsurf ace , should propagate into the film over a length scale, resulting in a gradient
in the relaxation times as a function of depth from the free surface. This gradient should
be sensitive to the bulk τα , the surface relaxation time τsurf ace , and the type of the specific
method of measurement. In ellipsometry, the Tg is measured through the expansion coefficient. As such, the expansion coefficient of the film at any given temperature is simply
the added expansion of all layers in the film. As the cooling rate decreases, the surface
dynamics deviate rapidly from those of the bulk. As a result, different parts of the film may
fall out of equilibrium at different temperatures, generating a strong gradient of dynamics
in the film and increasing the breadth of the Tg transition.[89] Figure 19 shows the breadth
of the transition w obtained from Tg fits to the data as a function of film thickness for
films of 2,240 kg/mol PS using Eq.1. This data shows that the breadth of the transition
dramatically increases with decreasing film thickness. In the inset of this figure, T+ and
T− , the temperatures of the beginning and the end of the transition, respectively, are also
plotted as a function of film thickness. T+ and T− are determined by Tg ±

w
2,

where w is

the Tg width determined by Eq.3.1. It can be observed that while T+ remains more or less
constant, except for the thinnest film, T− dramatically decreases. This observation suggests
that as the film thickness decreases, a larger portion of the film is influenced by the effect of
the free surface, and while at least some parts of the system fall out of equilibrium at bulk
Tg , most of the film maintains equilibrium at much lower temperatures. It is possible that
in the 8nm film of this particular molecular weight, no part of the film is fully bulk-like,
explaining the lower value of T+ , however, a strong gradient in the dynamics still exists.
The observation of two apparent Tg s (data points are highlighted with hollow symbols in
Figures 17 and 18) may also be explained by an increasing breadth of the transition at low
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cooling rates, where the difference between the two relaxation modes is exceedingly large.
One might argue that since two apparent relaxation times (τα and τsurf ace ) are observed
in these thin films, describing the broad transition as shown in figure 13 and 19 as a single
Tg does not accurately describe the system.[51] While this statement is correct, the results
presented here show that CR-Tg experiments, along with values of T− can provide unique
insight into the average dynamics of a film, and can provide an upper bound for the value
of the surface relaxation time, τsurf ace . This will allow us to explore the dynamics of films
in many polymeric systems without the need for complicated experimental apparatus or
labeling.
3.4.3. Mw Dependence of Polystyrene Thin Films
The results in Figures 17 and 18 also show that films of various molecular weights are affected
by enhanced surface mobility differently. For ultra-thin films of polystyrene (h=8 nm), films
of the same thickness with higher molecular weights show slower dynamics and decreased
breadth of the transition. Figure 21a shows thickness vs. temperature data for four different
films, two 8nm films of 45.8 kg/mol molecular weight and two 8nm films of 2,240 kg/mol
molecular weight, all obtained at a cooling rate of 1 K/min. For clarity, the data has been
smoothed with a 3rd order negative exponential smoothing function, with a sampling range
of 1.3 K. The raw data is shown in figure 20. In the super-cooled liquid regime, all four data
sets overlay exactly, showing that the samples had proper and identical thermal contact,
and that there are no artificial differences between the four films. Furthermore, the apparent
expansion coefficient for all four films in this regime is 6.2 × 10−4 ± 2 × 10−5 for the supercooled liquid and glassy regimes, respectively. These values are consistent with the values
of the apparent expansion coefficient of the super-cooled liquid and the glassy regime for
thick films, which are measured to be independent of Mw . As the temperature was lowered,
the four curves deviate because the 2,240 kg/mol films fell out of equilibrium at a higher
temperature signifying a higher Tg . The 45.8 kg/mol films maintain equilibrium, and go
through their Tg at a temperature 9 K lower. At the lowest temperatures, the four films
40

Figure 20: Plots of the unsmoothed data for two 8nm films of both 2,240 kg/mol and 45.8
kg/mol PS.
show the same apparent glassy expansion coefficient (1.6 × 10−4 ± 3 × 10−5 ), which agrees
with the bulk glassy values based on the thick film values from this study ((1.5 × 10−4 ±
3 × 10−5 )) and previously observed expansion coefficients 1.2 × 10−4 -1.8 × 10−4 .[89]
With the knowledge that the apparent molecular weight dependence is exhibited in the
raw thickness vs. temperature data, CR-Tg experiments of 8 nm films of various molecular
weights were performed. The results from these experiments are plotted in Figure 21b. The
molecular weights (Mw ) are chosen to be close to, or above the entanglement molecular
weight, such that the bulk Tg and dynamics remain the same for all these films. The
apparent activation barrier, based on the slope of the best Arrhenius fit, increases with
Mw for these films. The Mw dependence of Tg at a constant cooling rate in these films
is small, and can only be observed beyond reasonable experimental errors in the thinnest
films used in this study (h<8nm). It is not surprising then, that only few prior studies
have observed a Mw dependence in supported polystyrene films.[57, 58, 138] Even when
the film thickness is as thin as 18 nm, which is similar in thickness to the thinnest films
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measured in some previous studies,[177] the Tg at a cooling rate of 1 K/min is only weakly
dependent on Mw . Furthermore, since the gradient in the dynamics for the ultra-thin films
are broad, one needs to ensure that the transition is complete and the entire film has fallen
out of equilibrium. To ensure this, the experiments were extended to temperatures as low
as 293 K, to allow the 8 nm films to regain the same apparent expansion coefficient as those
observed in thick films. As observed in Figure 5b, if the temperature was only lowered to
313 K, the transition would not have been complete. In that case, the difference in the
data for 45.8 kg/mol and 2,240 kg/mol PS is smaller, and thus the Mw dependence would
also diminish. This is consistent with previous observations that an extended temperature
range is required to obtain the same apparent value of the glassy expansion coefficient in
the thick and thin films.[89] While the observed Mw effect is fairly small, 9 K difference
between 45.8 kg/mol and 2,240 kg/mol at 1 K/min for 8 nm films, this may be significant
in explaining how the polymer architecture[65] and its interactions with the substrate can
affect the dynamics of thin polymer films. This may also provide a unified explanation for
the seemingly contradictory data on free-standing and supported thin films. [136, 109, 180]
To further elucidate this Mw effect, one can analyze the apparent activation barriers obtained through an Arrhenius fitting of the CR-Tg data. Measurements at various cooling
rates allow one to isolate small changes in the apparent activation barrier that are extremely
hard to detect with single Tg measurements. Figure 22 shows how the apparent activation
barrier varies with Mw for entangled films of 8 nm and 18 nm. As the film thickness increases, the molecular weight dependence becomes weaker, such that it is too small to be
conclusive in 18 nm, and completely disappears for bulk films in the entangled chain regime,
where Tg remains independent of Mw . At the low Mw limit, the apparent activation barrier
is independent of Mw . Once the Mw becomes sufficiently large, the apparent activation
energy increases with Mw . We note that this change in the apparent activation energy is
still much smaller than the differences between the apparent activation energy in these films
and the bulk apparent activation energy. An 8 nm film of 45.8 kg/mol PS has an apparent
activation barrier 57 kj/mol lower than an 8 nm film of 2,240 kg/mol PS, while the same
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Figure 21: A. Thickness as a function of temperature for two 8nm films of 2,240 kg/mol
PS, and two 8nm films of 45.8 kg/mol PS. The data has been smoothed with a 3rd order
negative exponential smoothing function, with a sampling range of 1.3 K. The data has been
normalized to the thickness at 393 K for all four films B. Arrhenius fits to the CR- Tg data
for 8 nm polystyrene films of various molecular weights. The thick solid line represents a plot
of bulk τα vs 1/T (right axis).[33] The dashed line represents the surface relaxation times,
τs from nanohole relaxation studies[46], and nanoembedding [140] experiments (right axis).
At least two different samples were tested for every molecular weight at each thickness. The
error was defined as whichever was larger, the error in calculating Tg for a single sample,
or the spread in the Tg values for the repeated experiments.
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Figure 22: Apparent activation barrier as a function of Mw for 8 nm (circles) and 18 nm
(squares) polystyrene films.
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Figure 23: Tg width as a function of Mw for 8 nm films. The inset shows Tg, T+ and Tas a function of Mw for 8 nm films
film has an apparent activation barrier 622 kj/mol lower than a bulk film. We also note
that the data presented here is not conclusive enough to differentiate whether the apparent activation barrier varies with the weight average Mw , or the number average molecular
weight Mn .
There are two possible origins to this phenomenon. First, the gradient of the dynamics
can be independent of the molecular weight, and caused by propagation methods typical of
glasses, such as long range elastic effects[23, 110, 112, 111, 113, 16, 36]. However, a layer
close to the substrate could have slower dynamics due to substrate interactions[118]. The
dynamics close to the substrate are poorly understood and depend on interaction energies,
prior treatment of the substrate, and annealing time.[119] Here, as shown in Figure 24, the
annealing time does not affect the data, which does not support this hypothesis. For this
explanation to be consistent with the reported molecular weight dependence, the density
or thickness of this layer must be molecular weight dependent. Figure 25 shows that the
index of refraction in these films slightly increases, however, the spread of index values at
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Figure 24: Annealing test for an 8 nm film of 2,240 kg/mol PS. Over a period of almost
10,000 minutes of annealing at 393 K, the activation barrier of the film shows no appreciable
dependence on annealing time.
the lowest molecular weights render the results inconclusive. More studies are necessary
to measure the density near the substrate. Furthermore, if the observed molecular weight
effect was caused by an increased density of a ”dead” layer near the substrate, one would
also expect to observe an increase in T+ due to slower dynamics. The inset of Figure 23,
however, shows that T+ remains independent of molecular weight.
Second, chain connectivity could induce a molecular weight dependent gradient in the dynamics. In this scenario, the Mw dependence could originate at the free surface,[138] and
the observed effect would become more apparent in very thin films, when the surface to
bulk ratio is high. This effect can be explained by the partial anchoring of chains of sufficiently high Mw . Such anchoring would hold part of the chain in the deep glassy state
and may hinder the diffusion of the segments at the free surface, resulting in slightly slower
dynamics at the free surface and reduced transition widths at higher molecular weights.
Figure 23 shows that T− increases and the breadth, w, decreases with increasing molecular
weight, consistent with this hypothesis. Additionally, this second hypothesis is consistent
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Figure 25: Index of refraction data for both bulk films, and 8 nm films of various molecular
weights. The index values were determined based on the Cauchy fit explained in the min
text. The glassy value was chosen at the low temperature hold in between ramps in the
temperature profile. The errors of the value were chosen to be the range of values during
those temperature holds.

47

with recent observations that in small molecular weight glasses[31, 201] and in low molecular
weight polystyrene[19] the molecules at the free surface can diffuse, while measurements of
entangled polymer films show only a mechanical relaxation at the free surface without any
apparent long range displacement of the chain.[46, 139] We note that the observed effect
depends on the chain size and not the entanglement length, or the segmental dynamics,
indicating that the length scales over which the dynamics are affected can be much larger
than the bulk radius of gyration of the entanglement molecular weight of polystyrene (Rg ∼
5 nm, 31.2 kg/mol).[50] However, the data presented here is not enough to determine the
origins of this effect or the length scale over which the dynamics are affected by the chain
connectivity. One or both of these scenarios may contribute to the observations reported
here.
Regardless of the origin of the effects observed here, our observations of Mw dependence of
Tg are consistent with those measured in free-standing films. In free-standing films, as in
the presented data, the Tg is independent of Mw in the low Mw regime. After this regime,
the Tg of free standing films of a given thickness decrease with increasing Mw .[136, 109, 180]
While this is the opposite of the trend presented in this study, it can be described by the
facilitation of two free surfaces with enhanced dynamics. In the supported film case, there
exists, one free surface and one polymer/substrate interface. Therefore, if facilitation of
the free surfaces cause Tg reduction with increasing Mw in free standing films, it stands to
reason that hindering the gradient of enhanced dynamics via substrate interactions might
cause the observed Tg increase with increased Mw in supported polystyrene films. Similarly,
if chain anchoring slows the dynamics in supported films, the existence of two free surfaces
must greatly enhance the dynamics in free-standing films due to the mutual effects of both
surfaces on the same polymer chain. Furthermore, the presence of 2 apparent Tg s in this
data is consistent with previous reports of two Tg s in free-standing films, and also suggests
a common origin for the observations.[136] We will discuss this point in more detail in our
future publications.
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3.5. Conclusion
In summary, this study presents a simple experimental technique that allows us to evaluate
the glassy dynamics in thin polymer films with great precision. Cooling rate dependent Tg
measurements show that the apparent activation barriers of thin film dynamics fall between
the limits of bulk and surface relaxation, while the gradient of dynamics is influenced by
both values of τα and τsurf ace , providing strong evidence that the decrease in Tg in these
films is due to facilitation of the dynamics at the free surface. This data can also be used
to provide a common framework to compare data from various types of measurements and
experiments. Since two apparent relaxation times exists in the system, the average dynamics
may be differently influenced by the free surface depending on the type of measurement
performed. Measurements of relaxation time [130] may average the relaxation dynamics
differently than measurements of expansion coefficient as presented here. Regardless of
the type of measurement, above a temperature, T∗ = 379 ± 1K the dynamics are nearly
identical to bulk dynamics, explaining why some recent studies show no Tg reductions.[155]
Furthermore, we show that the apparent activation barriers of thin films of PS depend
slightly on the molecular weight. Either increased association with slower dynamics near
the substrate, or a slowing of the gradient of enhanced dynamics caused by free surface with
increasing Mw , causes the overall dynamics of the film to slow down, leading to the observed
increase in apparent activation barrier. At low Mw s, there is no observable dependence of the
glass transition on Mw . The propagation length of the free surface effect in this limit could
potentially be related to the glassy dynamics that are independent of molecular weight.
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CHAPTER 4 : Chain Chemistry Dependence on the Facilitation of Enhanced
Surface Mobility Through Blended Films
Reprinted with Permission from Ethan C Glor and Zahra Fakhraai Glass Transition Dynamics and Fragility of Ultrathin Miscible Polymer Blend Films. Macromolecules, 48(18):
6682-6689, 2015. Copyright 2015 American Chemical Society.

4.1. Abstract
In this report, we use cooling-rate dependent Tg measurements (CR-Tg ) to indirectly probe
the relaxation dynamics and fragility of thin films of polystyrene (PS)/poly(2,6-dimethyl1,4-phenylene oxide) (PPO) blends. Thin films of this miscible blend have a single glass
transition temperature (Tg ) that can be systematically shifted over 100 K simply by varying
the composition of the blend. This study shows that the Tg of these blends decreases below
the bulk Tg as the film thickness is decreased. Additionally, the degree of change in the Tg
strongly depends on the cooling rate of the experiment. We show that the Tg of 16 nm films
of a 50% PS blend are 15 K lower than that of the bulk at a cooling rate of 1 K/min, but
decrease only 4 K at a cooling rate of 120 K/min. By analyzing the cooling rate dependence
of the Tg for various thicknesses of the 50% PS blend, we demonstrate that the fragility
in these blends decreases with film thickness. This behavior is similar to what is observed
in ultra-thin films of polystyrene, which suggests that the deviations from bulk dynamics
in PS/PPO blends are due to enhanced mobility near the free surface. Similar to pure
PS, if extrapolated to higher temperatures, the dynamics of thin films intersect the bulk
dynamics at a temperature a few degrees above bulk Tg . The presence of this temperature
(T∗ ) can help explain why some experiments fail to see Tg depression in thin films of these
blends. Lastly, we show that, while the fragility of the bulk blend changes due to differences
in the fragility of the homopolymers, ultra-thin films (h = 16nm) have identical average
dynamics regardless of the blend composition at the same relative temperature to Tg , and
have identical fragilities. This result implies that enhanced mobility near the free surface
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affects the dynamics of these thin films similarly, regardless of the blend composition.

4.2. Introduction
A pressing concern for many technologies is whether the properties and dynamics of nanoscale
materials are similar to that of their bulk counterparts. Ultra-thin films of polystyrene have
long been used as a model system for testing nanoscale material properties in polymer glasses
due to their relatively simple method of production. As such, it has been well observed that
the glass transition temperature (Tg ) of ultra-thin polystyrene films decreases well below its
bulk value.[85, 52, 53, 158, 44, 134, 42, 189, 43, 149, 89, 59, 182] This trend is generally associated with a layer of enhanced mobility present at the air/polymer interface, which plays
a greater role in the overall dynamics of the film as the thickness is decreased. Direct measurements of the dynamics at the free surface of ultra-thin polystyrene films[172, 140, 46]
observe that the relaxation time of the free surface (τsurf ace ) is greatly enhanced compared
to that of the bulk alpha relaxation time (τα ). Furthermore, these studies show that τsurf ace
has a much weaker temperature dependence than that of τα , and thus cannot be described
by a simple shift in τα . This behavior is not limited to polystyrene, however. Experiments on other homopolymers show that the dynamics both at the air/polymer interface
[139] and in thin films[98, 125, 126, 166, 129, 45, 157] are also faster than bulk dynamics
with varying degrees of enhancement. Additionally, coarse grained simulations of model
polymers have observed that the enhanced dynamics of thin films originate from interfacial
effects.[179, 132, 160, 108]
Due to its weak temperature dependence, the τsurf ace of entangled polystyrene intersects
τα at a temperature T∗ , which is a few degrees above the bulk Tg of polystyrene, and at a
relaxation time of approximately τα < 1 sec [172, 140, 46]. The same T∗ has been observed
in studies on the enhanced dynamics of ultra-thin polystyrene films,[47, 63] providing further
evidence that the two phenomena have a common origin. Moreover, the existence of T∗
could provide an explanation as to why experiments that probe relaxation times slower than
τ ∗ , or determine Tg via slow cooling rates observe a thickness dependence on Tg ,[85, 52,
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53, 158, 44, 134, 42, 189, 43, 149, 89, 59, 182, 47, 63, 14] while experiments performed at
temperatures higher than that of T∗ , or which probe relaxation times faster than that of τ ∗
fail to observe such a dependence.[14, 174, 155, 93, 77, 194, 39] What is curious about T∗ ,
however, is that neither theory,[111, 113, 168] nor experiments on the free surface of small
organic molecular glasses,[201, 15, 31] exhibit a crossover of bulk and surface dynamics
at a finite temperature, and instead predict enhanced dynamics at all temperatures and
relaxation times.
If T∗ is observed in experiments on polymeric glasses but not in small molecular glasses, then
the origin of T∗ might depend on the presence of chain effects. While only segmental dynamics contribute to the value of Tg in bulk films, this may not be the case in ultra-thin films.
It is well documented that the Tg of high molecular weight (Mw ) free standing polystyrene
films depends on Mw ,[109, 52, 180, 136] and some studies on supported polystyrene films
show that changes in Mw can influence the dynamics of ultra-thin films[63, 58, 57, 138], or
the value of Tg [63]. Moreover, increasing chain stiffness has been shown to decrease mobility
at the free surface in both experiments[173] and simulations,[159] while increased fragility
has been correlated with larger Tg reductions in ultra-thin polymer films.[45] Therefore, to
further examine the effect of chain chemistry on thin film dynamics, and the origins of T∗ ,
it is desirable to find a system that allows for a systematic change in chain chemistry.
Blends of polystyrene (PS) and poly(2,6-dimethyl-1,4-phenylene Oxide) (PPO) are interesting candidates for such a study because of their high miscibility[105, 27, 24, 25, 26], the
increased chain stiffness of PPO[25], and the large Tg difference between the two homopolymers. PPO has a bulk Tg over 100 K higher than that of polystyrene, and many previous
studies have shown that PS/PPO blends exhibit a single Tg that can be systematically
altered across this range by simply changing the blend composition.[163, 4, 188, 145, 88,
147, 79, 80] Moreover, while a previous ellipsometry based study on the Tg of thin films
of these blends observed reduced Tg values[88], and a surface adhesion study[12] observed
enhanced dynamics at the free surface, AC chip calorimetric measurements on thin films
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of pure PPO[200] and PS/PPO blends[79] show no thickness dependence on Tg . This is
similar to the previously mentioned observations in polystyrene, which suggests that an
onset T∗ may exist for enhanced dynamics in thin films of PS/PPO blends.
Here, we use ellipsometry at various cooling rates to determine the Tg of thin films of
polystyrene (PS) and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) blends. Cooling ratedependent-Tg (CR-Tg ) measurements have been used previously[63, 47, 91, 77, 59] to measure the average dynamics of thin polystyrene films. The advantage of these measurements
over other techniques[44, 130, 129, 189, 125] is that they are quick and relatively simple
experiments, which probe the average relaxation time of the film in time (τα >100 sec)
and temperature regimes relevant to the glass transition. Recent studies have shown that
the apparent activation barrier of the dynamics and fragility of thin polystyrene films decreases significantly from bulk, leading to a large cooling rate dependence on the degree
of Tg reduction in thin films.[63, 47] Additionally, the fragility of thin polystyrene films is
always larger than that of the free surface, and approaches free surface dynamics as the film
thickness decreases.[63] As such, for systems where a direct measurement of the dynamics
at the free surface is not available, or is too challenging to measure, CR-Tg measurements
on ultra-thin films can be used to estimate an upper bound to the dynamics of the free
surface and its corresponding fragility. Furthermore, this method allows for an estimate of
T∗ to be obtained by comparing the dynamics of a thick, bulk-like film and an ultra-thin
film.[63, 47]

4.3. Experimental Methods
Blends of polystyrene (45.8 kg/mol, pdi 1.05, Polymer Source Inc.) and poly(2,6-dimethyl1,4-phenylene oxide) (42 kg/mol, pdi 1.3, Polymer Source Inc.) were made in solution with
toluene (Aldrich). In the cases that not all of the polymer dissolved overnight, the solutions
were gently heated until the polymers dissolved, cooled back to room temperature, and
allowed to settle. Films of these blended solutions were made via spin-coating at a rate
of 4000 rpm onto silicon wafers with native oxide layer (Virginia Semiconductor). The
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thicknesses of the films were controlled by the solution concentration (0.6-3.5 wt%). Some
solutions did not fully dissolve overnight. These solutions were gently heated and stirred
until all of the polymer had dissolved. These solutions were then allowed to cool to room
temperature and settle before spin coating. Due to potential degradation of PPO at elevated
temperatures, the films were not annealed under vacuum before use.
For neutron reflectivity measurements, blends of d-PS (280.5 kg/mol, pdi 1.1) and PPO
(81.26 kg/mol, pdi 2.3) were spun-cast from a solution in chloroform (composition 20% dPS). The films were annealed for 24 hours at 493 K before neutron reflectivity measurements
were performed.
The thicknesses of these films were verified using spectroscopic ellipsometery (M-2000V
J.A. Wollam). The raw ellipsometric angles Ψ(λ) and ∆(λ) were fit to a Cauchy model
(n(λ) = A +

B
,
λ2

K(λ) = 0). Where n and K are the real and imaginary parts of index of

refraction. We also fit the angle of incidence to ensure that any uncertainty in the angle
does not affect the data. Additionally, we use focusing optics to reduce the beam size to 30
microns. Calibrations were performed on Si wafers with a thermally grown oxide layer of
a known thickness to correct for any changes due to the focusing optics. Furthermore, the
spectroscopic wavelength range during the measurement was 500-1600 nm. The ellipsometer
was aligned with the focusing optics off, to ensure a direct light path with a 70◦ reflection
off of the sample. 26 shows an example of the raw ellipsometic data and the corresponding
fit to the data. More details of the ellipsometry procedures are described in our previous
publication[63].
The films were mounted onto a temperature controlled stage (Linkam THMS 600) that was
attached to the ellipsometer. To ensure good thermal contact between our PS samples and
the Linkam temperature controller, the heating element was coated with Arctic Alumina
thermal paste (Arctic Silver, Inc.), and the PS sample was clamped tightly to the heating
element. The thicknesses of the films were determined throughout a temperature profile.
The ellipsometry sampling rate for measurements during fast cooling ramps (>7 K/min)
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Figure 26: Raw Ψ(λ) and ∆(λ) data for a 125 nm film of a 70% PS Blend
was 1 second with high-accuracy zone averaging. The sampling rate for measurements
during slow cooling rates (<7 K/min) was 3 seconds with high-accuracy zone averaging.
For films with a PS% ≥ 20%, the temperature of the film was raised to Tg(bulk) + 20 K
at a rate of 150 K/min, then held there for 20 min under dry Nitrogen Flow. Due to
potential degradation of the PPO at high temperatures,[88] this was the only annealing
procedure performed. After that, the film was subjected to multiple cycles of heating and
cooling between Tg(bulk) + 20 K for that particular composition, and 315 K. Cooling was
performed at various rates, while heating rates were all kept constant at 150 K/min. Both
the heating and cooling rates were maintained using a liquid nitrogen cooling system, and
throughout the experiment the temperature stage was purged with dry nitrogen gas. To
minimize degradation in films with a PS% ≤ 20%, the films were annealed initially for 20
minutes at 498 K (DSC Tg +10 K) for 19 minutes, then heated to 503 K at 150 K/min.
After a minute at 503 K, the 150 K/min cooling ramp began. All subsequent heating
ramps followed this method except that the film was held at 498 K for 4 minutes instead
of 19 minutes. The cooling procedure was the same for these films, except they were only
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cooled to 393 K. Due to the use of the ellipsometers high-accuracy setting (zone averaging),
the actual temperature was the average of the listed temperature and the previously listed
temperature. This was corrected post acquisition. Also, a small temperature lag (≤ 4
degrees for cooling rates above 90 K/min) was observed in both indium melting tests, and
in the thickness data. This temperature shift, which was the same for all samples, was
taken into account post acquisition. All of this puts a minimum error on our temperature
of ± 1.5 K. If the error values on Tg, as described in the main text, was less than this value,
an error of 1.5 K was assigned. Figure 27 shows the details of the cooling rates and the
ellipsometry results.
During these ramps, the thickness of the film was calculated via the method described
previously, with the exception that a temperature dependent Si model was used to describe
the index of the substrate, ensuring that any and all observed expansion was due to the
expansion of the polymer blend. Due to increased noise in the ellipsometry data in the thin
films of these blends, accurate Tg values could only be obtained for films with a thickness
≥ 11 nm. Furthermore, values of Tg could not be reliably calculated for thin films with
high PPO content (PS% < 30%), and thus, only thick film (h ≥ 100 nm) Tg values of
these blends are presented in this report. Ellipsometry provides a unique opportunity to
examine degradation in these films because it is able to detect small changes in thickness
at a constant temperature. Figure 27 shows a thickness and temperature profile for a 125
nm film of pure PPO. Even with the measures taken to prevent degradation, the thickness
at 393 K decreases ∼ 1 nm over the course of the experiment. In this case, the calculated
values of Tg (482 K ± 2.5 K at a cooling rate of 1 K/min) and fragility (224 ± 32) agree
well with previously reported values,[80] so any degradation that may have occurred had a
negligible effect on the dynamics of the film. This may not be the case for different heating
procedures. Any measurement that showed a significant change in the thickness, beyond
1%, were not used in the analyses presented in this paper.
Figure 29 shows an example of a typical thickness vs. temperature curve obtained via
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Figure 27: Temperature, thickness and mean square error profiles for a typical cooling-rate
Tg measurement for A) a 125 nm film of a 50% PS PS:PPO blend and B) a 125 nm film
of pure PPO. For the 50% PS films, the temperature was held at 443 K for 20 min, then
cooled to 323 K at rates of 150, 120, 90, 60, 30, 10, 7, 3, and 1 K/min. We also show the
thicknes, and the mean square error of the Cauchy fit over the course of the experiment.
We note that the MSE does not change significantly with temperature, suggesting the only
effect of temperature in our results is from the expansion or compression of the film.
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Figure 28: Bulk Expansion coefficients as a function of composition
ellipsometry at a cooling rate of 1 K/min for a 125 nm film with a blend composition of
70% PS. The glassy and supercooled liquid portions of the expansion were fit to a straight
line, and the intersection point of those two lines was chosen as the average Tg of the film.
For the thick films in this study, the apparent expansion coefficients of the supercooledliquid regimes increased systematically from a value of (5.8 ± 0.2) × 10−4 K−1 for films of
pure PS, to (6.9±0.3)×10−4 K−1 for films of pure PPO, while the apparent glassy expansion
coefficient ((1.7 ± 0.3) × 10−4 K−1 ) remained independent of the blend composition. Values
of the apparent expansion coefficients of the bulk supercooled-liquid and glass as a function
of composition can be seen in Figure 28.
These values are in good agreement with those observed in a study by Jin and Torkelson.[80]
The same method was used to determine the Tg values of 16 nm films. For these films, the
Supercooled liquid and glassy regimes of the apparent expansion coefficients were chosen
based on the bulk-like value of the apparent expansion coefficient obtained in thick films a
representative example of this can be found in Figure 30. Since the glass transition in thin
films are broader than those of thick films, this procedure helps prevent potential errors of
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Tg =393 K ± 1.5 K

Figure 29: Thickness as a function of temperature for a film with a composition of 70% PS.
Tg was defined as the intersection of the linear fits to the Super-cooled liquid regime (red)
and glassy regimes (blue).
fitting the data in a regime where the transition has either begun, or not yet been completed.

Tg values were determined via dynamic scanning calorimetry on a Q-2000 DSC from TA
Instruments. For blends, the polymers were mixed in a 10% wt. solution with toluene. The
solution was then dropped into a T-Zero Aluminum pan, and the toluene was evaporated
on a hot plate. The heat capacity was then calculated through two heating/cooling cycles
between 343 K and 523 K. The Tg was defined as the midpoint of the step transition of the
heat capacity. Figure 31 shows the DSC curves for all tested compositions.
Neutron reflectivity was performed on the BT-7 reflectometer and the National Institute of
Standards and Technology (NIST) to measure the composition profile through a deuteratedPS(d-PS)/PPO blend film. This experiment was performed on an 83 nm film with a blend
composition of 20% d-PS. The reflectivity, R, was measured as a function of neutron mo-
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Figure 30: An example of how Tg was defined in 16 nm film with a composition of 60% PS
mentum perpendicular to the surface, kz =

2π
λ

sin(θ), where λ is the wavelength of the

incident radiation and θ is the grazing angle of incidence.

4.4. Results and discussion
4.4.1. The Composition Dependence of Tg
Figure 32 shows values of Tg as a function of PS composition percentage for thick (100-135
nm) and 16 nm films as determined via ellipsometry, as well as bulk Tg values determined
via differential scanning calorimetry (DSC) for bulk blends of various compositions. All
reported ellipsometry Tg values are determined at a cooling rate of 10 K/min. As seen in
Fig 32, the values of Tg for thick films of pure PPO and PS, as determined by ellispsometry,
agree well with the values of Tg(bulk) , as determined by DSC within the uncertainty of
the experiments. The DSC values for pure homopolymers are Tg(PPO) = 487 ± 1 K and
Tg(PS) = 374 ± 1 K, for pure PPO and PS, respectively. In agreement with previous
studies,[163, 4, 188, 145, 88, 147, 79, 80] the Tg of thick films (h=100-135nm) decreases
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Figure 31: Dynamic Scanning Calorimetry data upon heating at 10 K/min for the homopolymers PS and PPO, and their blends
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Figure 32: Ellipsometry Tg values at a cooling rate of 10 K/min as a function of film
composition for thick films with a thickness in the range of 100-125nm (black squares) and
16 nm films (blue circles). For thick films, the error bar is smaller than the symbol size.
DSC Tg values for various blends are shown for comparison (red open triangles). The black
line is the Fox equation fit to the DSC Tg values.
from a value of Tg(PPO) = 487 ± 2.5 K for films of pure PPO to Tg(PS) = 370 ± 1.5 K for
films of pure PS with a composition dependence that generally follows the Fox equation[54]:

w(PS)
1 − w(PS)
1
=
+
Tg
Tg(PS)
Tg(PPO)


(4.1)

Where w(PS) is the fraction content of PS in the blend film. The black line in Figure 32
is the Fox equation fit to the DSC Tg values. The homopolymer Tg s produced by the fit
(Tg(PS) = 373 ± 1 K, Tg(PPO) = 485 ± 2 K) agree will with the values determined by DSC.
Figure 32 also shows the values of Tg for 16 nm films of all blend compositions. All films
in this study, regardless of thickness, observe only a single broad Tg , and 16 nm films of
all compositions exhibit reductions in Tg of about 12 K from their corresponding thick film
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Figure 33: a Plot of Log(Reflectivity) (open circles) as a function of neutron momentum
k(Å−1 ). The black solid line is a fit to the reflectivity data base on the d-PS depth profile
shown on the inset. The depth profile shown in the inset is generated by two hyperbolic
tangent functions at the air/polymer interface and the substrate.
values which is comparable to the magnitude of Tg reduction in pure PS. Moreover, it does
not appear that surface segregation of PPO[12, 13] affects the average properties of the film,
as only a single Tg is observed.
To achieve a more accurate depiction on the extent of surface segregation on these films,
neutron reflectivity measurements were performed on an 83 nm film with a blend composition of 20% d-PS. Figure 33 shows the experimental results of the neutron reflectivity
as a function of neutron momentum (open circles). The solid line represents the best fit
to the data using hyperbolic tangent functions to describe the d-PS concentration profile
both at the air/polymer interface and the substrate. The fit was performed with the following experimental parameters, the molecular weights of the two polymers (d-PS 280.5
kg/mol and PPO 81.26 kg/mol), the Florey parameter at 493 K (χ = -0.014), and the bulk
composition (φP S = 0.22). (Inset of Figure33) Consistent with previous reports[12, 13]
the best d-PS profile fit to the reflectivity data shows that PS concentration is depleted at
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the free surface to the extent that composition at the free surface is only 6% d-PS. This
indicates that PPO preferentially segregates to the free surface. However, the equilibrium
surface excess below the bulk fraction, is only 4 Å. This is significant because despite PPO
having a lower surface energy[13], the excess layer of PPO is still extremely thin, and is
comparable with the surface roughness of the film. This can be understood in terms of the
combating thermodynamic effects of preferential surface energy, and the bulk miscibility
of the components. PS/PPO blends have a negative Flory parameter, χ = -0.014 at 493
K,[24] and as such, have attractive interactions. Thus, the act of surface segregation must
overcome the energetic cost of demixing. In the case of PS/PPO blends, the free energy of
mixing is lower than the difference in surface energy, and at most only 4 Åof the film at 493
K remains inhomogeneous. Moreover, the free energy of mixing reaches a minimum at a
blend composition of 50% PS, suggesting that a film of an equal blend would have an even
smaller degree of surface segregation.
4.4.2. Average Dynamics in Thin Films
A more detailed analysis of Tg vs. thickness for a blend of 50% PS at cooling rates of 120
K/min, 10 K/min and 1 K/min can be seen in Figure 34. Similar to the study by Kim
et. al,[88] the Tg of this blend decreases with film thickness below 40 nm. Moreover, the
decrease in Tg becomes less accentuated at fast rates, such that a 16 nm film of the 50%
PS blend has a Tg 15 K below the thick film Tg at 1 K/min, but only 4 K below the thick
film Tg at 120 K/min. These results are consistent with the cooling rate dependence of Tg
of pure polystyrene.[63, 47, 91]
To further analyze the average dynamics of thin films with a blend composition of 50%
polystyrene, we can construct an Arrhenius plot of log(cooling rate) (log(CR)) as a function of 1/Tg , as shown in Figure 35. The cooling rate of the experiment is inversely related
to the structural relaxation time (τα ) at the temperature that the system falls out of equilibrium at Tg . When the system is cooled at a faster rate, it falls out of equilibrium at a
higher temperature, where τα is shorter. At the cooling rate of 10 K/min, the super-cooled
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Figure 34: Tg as a function of film thickness for a blend with 50% PS at cooling rates of
120 K/min (red circles), 10 K/min (green squares), and 1 K/min (blue triangles)
liquid usually falls our of equilibrium at the same temperature where τα is equal to 100
sec.[47] While this is an empirical relationship, plotting the data in this manner elucidates
subtle changes in the dynamics of thin films that are hard to detect through single Tg
measurements.[63, 47] Figure 35 shows that the dynamics of thin films of this blend become
less strongly dependent on temperature as the thickness of the film decreases. Furthermore,
the Tg of thin films are always smaller than those of the 125 nm film at all cooling rates.
This result is consistent with measurements in films of pure polystyrene, where the average
dynamics of thin films are observed to be a weighted average of τα and τsurf ace .[63] This
suggests that the dynamics of thin films of a 50% PS blend approach the limit of enhanced
dynamics at the free surface of the film, when the film thickness is reduced towards zero.
The CR-Tg behavior of the 11 nm film can therefore be used as a rough upper bound to the
temperature dependence of the dynamics at the free surface. Furthermore, no strong substrate dependence is observed, which would have resulted in an increased Tg with decreased
film thickness.
Figure 35 can also be used to estimate a value of T∗ , the temperature at which the bulk and
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T*

Figure 35: Log (CR) as a function of 1/Tg for films of 50% PS with thicknesses of 125 nm
(black circles) 40 nm (blue squares), 21 nm (orange crosses), 16 nm (red diamonds), and
11 nm (green triangles)
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thin film dynamics become very similar, in these films. Because of the limited temperature
range accessible in these CR-Tg experiments, an Arrhenius fit is used to extrapolate the
data to higher temperatures, for both thin and thick films. This linear extrapolation of the
temperature dependences of the 125 nm and 16 nm films shows that the dynamics of the
two films intersect at a temperature of T∗ = 419 ± 1 K = Tg(bulk) + 8 K, and a cooling rate
of around 1000 K/min. For measurements above this temperature, or at relaxation times
above 1 sec, which corespondents to the cooling rate of 1000 K/min[47], one would expect
the bulk and thin film dynamics to be either identical, or very similar to each other. These
observations can explain why previous measurements on the thin film dynamics of PPO
and PPO:PS blends using calorimetric measurements fail to observe any Tg reductions or
enhanced dynamics in thin films of these blends.[200, 79] Interestingly, the relaxation time
of τ ∗ =1 sec, corresponding to this value of T∗ for the 50% PS blend composition, is very
similarto the value of τ ∗ measured in pure polystyrene [63, 47]
4.4.3. Dependence of Average Thin Film Dynamics and Fragility on Blend Composition
In order to examine the dependence of the value of T∗ on the composition, CR-Tg measurements were performed on thick (100 nm-135 nm) and 16 nm films of many blend compositions. As with the 50% PS blend, these data were plotted on an Arrhenius plot of
Log(CR) vs. 1/Tg . A plot for a subset of compositions, 90% PS, 70% PS, 50% PS, and
30% PS, can be seen in Figure 36. All of the data obtained can be seen in Figure 37. The
separation of each blend composition originates from the increase in bulk Tg with increased
PPO content in the blends. For each of the blend compositions in Figure 36, the average
dynamics of the 16 nm film has a weaker temperature dependence than that of the thick
film, suggesting that the dynamics of thin films of PS/PPO blends are enhanced regardless
of the composition of the blend.
To better compare the dynamics of thin films, and the extent of their deviations from bulk,
the CR-Tg data for each composition were scaled by the value of Tg of the thick film at a
cooling rate of 10 K/min. The resulting plot is presented in Figure 38. Figure 38 shows
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30% PS

50% PS 70% PS 90% PS

Figure 36: Log (CR) vs 1/Tg for thick films (squares) and 16 nm films (circles) with PS
compositions of 90% PS (black), 70% PS (blue), 50% PS (red), and 30% PS (green).
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Figure 37: An Arrhenius plot for a Thick film (squares) and a 16 nm film (circles) for all
compositions, and pure PPO
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Figure 38: Plot of log(CR) vs. inverse of reduced Tg (Tg /Tg(ThickFilm) ) for thick films
(squares) and 16 nm films (circles) of all compositions. The solid lines are guide to the eye
for the slope of bulk and thin film data.
that, once scaled to the bulk Tg , the dynamics of both thick, and 16 nm films for all of the
blend compositions tested, overlay within the error of the experiment. This is significant
for a few reasons. First, all compositions appear to share a common relative T∗ /Tg ,with
an identical value of τ ∗ above which we hypothesize the dynamics of thin and thick films
are very similar. This suggests that either chain chemistry is not an important factor in
the existence and the value of T∗ , or that the chemistry of PPO and PS/PPO blends are
not sufficiently different to affect the value of T∗ . In either case, future studies on various
polymer systems are required to uncover the origins of the observed T∗ , verify whether T∗
relates to Tg for various polymer systems, or whether there is any significance to τ ∗=1 sec
relaxation time.
Second, the similar temperature dependencies for 16 nm films for all of the tested compositions of PS/PPO blends suggest that the effect of the free surface in these films is the
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same regardless of the composition of the blend. This result is somewhat surprising because
previous experiments by Torres et al.[173] and simulations by Shavit and Riggleman[159]
show a decrease in the effect of the free surface on the dynamics of thin films as the stiffness
of the polymer chain increases. Compared to PS, PPO has a stiff backbone,[25] and thus
one would expect the dynamics of thin films to be slower in blends with a higher PPO
content. However, multiple factors might influence the extent to which dynamics from the
free surface affect the dynamics of thin films. For instance, it has been shown that increased
fragility is associated with increased Tg depression in thin films.[45]
The fragility of the films can be determined using data in figure 38. Fragility, m, at T = Tg
is defined as; [5]
m=

d log(τ (sec))
 
T
d Tg

T=Tg

=−

d log(CR)
 
T
d Tg

T=Tg

(4.2)

which represents the slope of the graphs in figure 38 scaled by the corresponding Tg of
the blend. As such, fragility is proportional to the activation barrier for relaxation at Tg .
Figure 39a shows the fragility as a function of % PS for both thick and 16nm films. Due
to the limited temperature range of the data, Arrhenius fits to each data set were used to
obtain the slope of the relaxation time (or cooling rate) as a function of 1/Tg to define
the fragility. The errors in the value of fragility were defined as the maximum value of the
uncertainty of the linear fit, the uncertainty caused by the errors on the values of Tg , or the
standard deviation from multiple samples. Figure 39a shows that the fragility of pure PPO
(218 ± 32) is slightly larger than that of pure PS (155 ± 18), and that the fragility decreases
monotonically with increasing PS content. The measured fragilities of PS[80, 196, 146]
and PPO[80] agree well with previously reported values for the bulk homopolymers. This
excellent agreement shows the validity of the assumptions made here to define the fragility.
However, we also note that some studies of the fragility of PS/PPO blends as determined
by DSC show non-monotonic changes in the fragility of these blends[145, 80]. The origins
of these discrepancies are currently unknown.
Interestingly, the data in Figure 39a shows that the fragility of 16 nm films are all similar
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a

b

Figure 39: a) Plot of Fragility as a function of PS Composition for thick films (red circles)
and 16 nm films (blue squares). b) Fragility as a function of film thickness for pure PS
(purple circles) and the 50% PS blend (green squares). The dashed lines are guides to the
eye for each composition.
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Figure 40: Apparent Activation Energy (KJ/mol) vs. film thickness for films of pure PS
and 50% PS.
within the error of the experiment, and have an average value of 52 ± 26. The increase in
thick film fragility can perhaps provide an explanation for the lack of composition-dependent
changes in the fragility and the dynamics in general in thin films. It is possible that the
effect of chain stiffness, which would reduce the enhanced dynamics at the free surface and
in thin films,[173, 159] balances the effect of bulk fragility, which would act to increase the
enhanced dynamics at the free surface and in thin films, yielding uniform dynamics in 16
nm films of PS/PPO blends. However, a more plausible explanation is that the dynamics
of the free surface are very similar for both of the homopolymers and their blends, but they
propagate into the film until different bulk dynamics are recovered.
Figure 39b shows that while the starting fragility at high film thicknesses are different for
pure PS and 50% PS films, as the film thickness is decreased the fragility changes towards
a similar value. A plot of apparent activation energy vs. film thickness can be seen in
Figure 40. This suggests that, for this blend, enhanced dynamics near the free surface have
a stronger effect on the dynamics of ultra-thin films than the composition of the interface.
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Furthermore, based on this figure, the propagation length of enhanced dynamics into the
bulk cannot be that different in the two systems even though thick films of the 50% PS blend
have a higher fragility. We note that this limited data will not be enough to elucidate which
explanation is correct, and more in-depth studies are required to draw a more concrete
conclusion on the nature of the lack of composition dependence on thin film fragility.

4.5. Conclusions
Miscible blends of PS/PPO are an ideal model system to study how the changes in the
bulk value of Tg and chain chemistry affect the Tg and dynamics of thin polymer films
because of their strong miscibility, as seen by a negative χ parameter, which results in
limited surface segregation. Here we studied thick and thin film Tg values of blends of
various compositions. All films in this study exhibited a single value of Tg , even though the
Tg s of the two homopolymers are separated by over 100 K. The Tg s of both thick and 16
nm films increase when the PS% of the blend decreases, and the Tg values for thick films
agree well with the Fox equation for miscible polymer blends[54]. This is confirmation that,
in thin films, the composition of the blend is similar to that of the bulk.
Cooling rate dependent-Tg measurements provide a fast, yet reliable method to evaluate
the average dynamics in thin polymer films,[63, 47, 91, 77, 59] as well as other structural
properties such as expansion coefficient and fragility. In the particular blend system used
in this study, CR-Tg using ellipsometry is particularly advantageous over direct measures
of relaxation dynamics because PPO is unstable at high temperatures under ambient conditions, and degrades rapidly. As such, other efforts to directly probe relaxation dynamics
on the film surface or in thin films would be prone to uncertainties due to degradation,
which could result in apparent measurements of enhanced mobility. Ellipsometry provides
a reliable measurement of degradation, by means of thickness measurements at a constant
temperature. It is also a relatively quick method of characterization, which prevents degradation because the sample is not exposed to elevated temperatures for long periods of time.
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In this study, we used CR-Tg measurements to study the dynamics of a 50% PS blend as a
function of film thickness. Figure 35 and Figure 39b show that, similar to pure PS,[63, 47]
the activation barrier and the fragility of the system decreases rapidly with decreasing
film thickness. If extrapolated to zero thickness, one can estimate the relaxation times of
the free surface. As such, measurements of the thinest film studied here provide a rough
upper bound for the relaxation time of the free surface of this blend. Furthermore, a linear
extrapolation of the dynamics of the 125 nm film and 16 nm film of this blend intersects
at a point T∗ where the dynamics of the free surface and the bulk are very similar, and
thus any effect of thickness on the dynamics of thin films would be insignificant. When
this same extrapolation is performed on CR-Tg measurements of thick films and 16 nm
films of many blends, it is found that all compositions share a common onset point T∗ .
This observation explains why some previous studies on thin films of pure PPO[200] and
PS/PPO blends[79] do not observe enhanced dynamics in thin films, however the origins
of T∗ remain unknown. It is important to note that T∗ is not observed in small molecules,
[201, 15] and is not predicted by any theory or simulation [111, 113, 168]. This potentially
suggests that T∗ is somehow related to chain connectivity in polymers. Thus, additional
experiments must be performed on different polymer systems to determine the true origin
of this onset of enhanced dynamics near the free surface and in thin films.
Lastly, we show that the dynamics in 16 nm films are independent of the blend composition
for all of the compositions studied. This result is surprising, considering that the fragility
of the thick films increases with decreasing PS content. It is possible that slow dynamics induced by chain stiffness,[173, 159] which increase with PPO content, are canceling enhanced
dynamics induced by fragility,[45] which increases with PPO content. However, it is also
possible that the dynamics of the free surface are inherently weakly temperature dependent,
resulting in similar fragilities in thin films that are independent of the chemical properties
of the polymer. In this case, the propagation of the effect into the film would depend on
the chemical properties, but not the dynamics of the free surface themselves. To decipher
the correct origin of these observations, and elucidate any potential relationship between
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the physical and chemical properties of the polymer and their thin film dynamics, future
experiments need to be extended to more polymer systems. Such studies could significantly
improve our understanding of the origins of enhanced surface mobility and our ability to
design systems with tunable thin film dynamics.
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CHAPTER 5 : Examination of the Dynamical Gradient Within Films of Poly
(2-vinyl Pyridine)
Exploring the Existence of two Glass Transitions in Thin, Supported Polymer Films Ethan
C. Glor, Gabriel Angrande, and Zahra Fakhraai. Manuscript in preparation.

5.1. Abstract
In this report we use ellipsometry to characterize the glass transition in ultra-thin films of
poly (2-vinyl pyridine) (P2VP) supported on a silicon substrate. P2VP is known to have
attractive substrate interactions, which can increase the Tg of ultra-thin films compared
to the bulk value. This report uses an extended temperature range to show that a large
gradient of dynamics exists through the film with slow dynamics near the substrate, and
enhanced dynamics at the free surface. Furthermore, in 16 nm films cooled at a rate of 1
K/min exhibit decoupling of these two regions to produce a film with two distinct Tg s. The
Tg,high increases with decreasing thickness in a similar manner to what has been observed in
previous studies on P2VP, and Tg,low decreases with decreasing film thickness in a similar
manner to what has been observed in polymers with enhanced free surfaces and neutral
substrate interactions. To further observe the effect of these two interfaces on the average
thin film dynamics we use cooling rate dependent Tg measurements. These experiments
indirectly probe the average relaxation time of the system, and allow us to observe the
deviation of an enhanced free surface and hindered substrate layer at low cooling rates.

5.2. Introduction
The properties of ultra thin polymer films have been extensively studied due to their apparent deviations from those of the bulk material. Specifically, experimental [52, 53, 158, 44,
134, 42, 189, 43, 177, 149, 63, 59] and theoretical[179, 132, 121, 159] studies observe that the
glass transition temperature (Tg ) of ultra thin polystyrene films decreases with film thickness below 60 nm. This has generally been associated with a layer near the air/polymer
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interface, which has been shown to have enhanced dynamics.[172, 140, 46, 130] These enhanced dynamics play a greater role in the overall dynamics of the film as the thickness
decreases, and thus the Tg decreases. These interfacial effects, however, do not solely affect
Tg . Dewetting[142, 199] physical aging,[83, 134, 91, 135, 90] mechanical modulus,[166, 125],
and simulations of Tg and aging[179, 132, 121, 159, 160] all exhibit deviations from the corresponding bulk property due to enhanced mobility at the air/polymer interface.
Enhanced mobility at the free surface drives the thin film dynamics in each of the aforementioned cases because there is no significant effect from the substrate due to polystyrene’s neutral interaction with silicon. Many studies have shown that Tg reduction can be altered by
increasing the attractive interactions between the polymer and the substrate.[116, 56, 176]
Furthermore, the Tg of ultrathin polystyrene films can increase when chain ends[171, 84] or
side chains[171] are grafted to the substrate. It is generally accepted that these kinds of substrate interactions affect Tg because the polymer’s mobility is hindered at the substrate.[119,
148, 98, 22, 134] These same types of effects are seen in other polymers. For example, Poly
(methyl methacrylate) (PMMA)[86] exhibits slight increases in Tg and poly (2-vinyl pyridine) (P2VP)[178, 131, 150, 42] exhibits a drastic increase in Tg in the thin film limit.
Furthermore, nanohole relaxation studies on PMMA[139] show that substrate interactions
can slow the dynamics of a film over long length scales similarly to how the air/polymer
interface can enhance polymer segmental motion.[44]
While the majority of these previous studies are performed on thin films, other polymer
systems and geometries can provide more information about the length scales of substrate
interactions due to the larger surface area. Nanocomposites, for example can exhibit increases in Tg [28, 175, 7, 144, 127, 114, 72, 21] due to adsorbed layers of polymer around
a nanoparticle.[72] Another example of such effects are glasses confined within nanopores.
Jackson and McKenna showed that the Tg of o-terphenyl confined to pores with a diameter
of 4 nm is 18 K higher than bulk,[78] and many other studies have shown that polymer
glasses show a similar effect when confined to nanopores.[71, 128, 1, 11, 162] Moreover,
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a recent study by Krutyeva et al. on polydimethylsiloxane (PDMS) in anodic aluminum
nanopores observed through small angle neutron scattering (SANS) that there were two
distinct areas of dynamics within the 26 nm nanopore, a PDMS ring around the nanopore
with a thickness of 6.5 nm with dynamics far slower than bulk PDMS, and a cylinder with
a radius of 6.5 nm in the middle of the nanopore that had bulk-like dynamics.[94]
A similar degree of complete dynamical segregation was found in short and entangled
chain[97] and oligomeric[96] PMMMA confined to anodic aluminum. The dynamics of
these systems were characterized via the Tg of the polymer as determined by differential
scanning calorimetry (DSC). For samples made with short and entangled chain PMMA in
80 nm nanopores, the adsorbed layer of PMMA segregates from the non adsorbed layer,
and the result is two distinct Tg s, one above the bulk Tg and one below. Furthermore, the
two Tg s separate further at lower cooling rates, suggesting that the regions of slow and fast
dynamics become more decoupled at low cooling rates.[97] A similar result was found in
samples made with oligomeric PMMA.[96] However this study also tested nanopores with
a diameter of 300 nm. In these much larger nanopores, the oligomeric PMMA exhibited
three Tg s at fast rates, and two at slow rates. This result is significant because it shows a
large gradient of dynamics over much farther length scales than the size of the oligomer.[96]
Furthermore, it suggests that cooling rate based experiments are useful to observe the segregation of differing regions of dynamics within a single sample.
Cooling rate dependent Tg measurements (CR-Tg ) have been performed previously to determine the dynamics of ultra-thin polymer films.[63, 47, 91, 77, 59, 62, 95] Recent CR-Tg
measurement using ellipsometry show that the fragility of ultra-thin polymer films deviate
from bulk-like dynamics and become more surface-like as the dynamics of the bulk and free
surface separate at low cooling rates and low temperatures.[63, 62] Ultra-thin polystyrene
films also exhibit an increased breadth of Tg , signifying strong gradients in the dynamics of
these films.[63, 89] The increased breadth of the transition necessitates a larger than typical
range of temperatures to accurately probe the glass transition in ultra-thin films. Further-
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more, work by Pye et al. showed the first evidence of two Tg in ultra-thin free-standing
polystyrene films.[136, 137] While the presence of two Tg s in these studies has not been
linked to differing areas of dynamics within the same film, they do highlight how a large
temperature range during the experiment could allow one to detect new glass transitions in
thin polymer films via ellipsometry.
Here, we use ellipsometry to perform cooling rate dependent Tg (CR-Tg ) measurements on
ultra-thin films of poly (2-vinyl pyridine) (P2VP). Unlike polystyrene, thin films of P2VP
exhibit increased Tg s[178, 131, 150, 42] due to the presence of an adsorbed layer at the
substrate, which has slow dynamics.[98, 22, 134] Despite the polymer/substrate interface
seemingly dominating the segmental dynamics of thin films, florescence measurements observed that films of P2VP also have a layer with enhanced mobility at the air/polymer
interface with a thickness of 5-7 nm.[129] The presence of regions of such different dynamics
within the same film makes P2VP an ideal system for the study of dynamical gradients
in supported polymer films. A recent study by Madkour et al. showed that thin films of
P2VP exhibit Tg broadening in DSC measurements, signifying a large dynamical gradient and separation between the mobile surface and adsorbed layers.[106] The ellipsometry
measurements in this study observe such broadening to the extent that two distinct Tg s
become apparent at low cooling rates, which is similar to studies on polymers confined
within nanopores.[97, 96] Furthermore, these two Tg s separate as thickness decreases, and
as cooling-rate decreases signifying the increasing segregation of dynamic at different regions within the film. Such results could provide significant insight into a length scale for
the facilitation of dynamics from interfaces within a polymer film.

5.3. Experimental Methods
Ultra-thin films of P2VP (Polymer Source Inc. Mw =304 kg/mol) were made via spincasting polymer solutions in n-butanol (Sigma-Aldrich) at a speed of 2000 RPM for 30
seconds onto a silicon wafer with a native oxide layer (Virginia Semiconductor). The silicon
wafers were washed with toluene and n-butanol before the polymer solution was spun-cast.
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Figure 41: Raw Ψ(λ) (red) and ∆(λ) (green) data for a 217 nm film of P2VP
The thickness of the film was controlled via the solution concentration (0.5-3 %wt). The
films were then annealed under vacuum at 413 K for 15 hours.
The thickness of these films were verified using spectroscopic ellipsometery (M-2000V J.A.
Wollam, wavelength range 450-1600 nm). Prior to these experiments, the ellipsometer was
aligned to ensure a direct light path with a 70◦ reflection off of the sample. Focusing optics
were then used to reduce the beam size to 30 microns. Calibrations were performed on Si
wafers with a thermally grown oxide layer of a known thickness, before and after placing
the focusing optics to account for the effect of the focusing optics. The raw ellipsometric
angles Ψ(λ) and ∆(λ) data were fit to a Cauchy model (n = A + λB2 , K = 0). Where n and
K are the real and imaginary indices of refraction. The angle of incidence was also fit as a
variable to ensure that any uncertainty in the angle of incidence does not affect the data.
Figure 41 shows an example of the raw ellipsometic data and the corresponding fits to the
data.
The films were mounted onto a temperature control stage (Linkam THMS 600) that was
attached to the ellipsometer. The thickness of the films were tracked while the temperature

82

was changed. To ensure good thermal contact between our P2VP samples and the Linkam
temperature controller, the heating element was coated with Arctic Alumina thermal paste
(Arctic Silver, Inc.), and the P2VP sample was clamped tightly to the heating element. The
temperature of the film was raised to 413 K at a rate of 150 K/min, then held at 413 K for
20 min. After that the film was subject to multiple cycles of heating and cooling between
413K and 313K. Cooling was performed at various rates, while heating rates were all kept
constant at 150 K/min. Both the heating and cooling rates were maintained using a liquid
nitrogen cooling system, and, throughout the experiment, the Linkam temperature stage
was purged with dry nitrogen gas. Figure 42 shows the details of various ramp rates and
the ellipsometry results. During these ramps, the thickness of the film was calculated via
the method described previously, with the exception that a temperature-dependent model
was used to describe the optical properties of the SI substrate, ensuring that any and all
observed expansion was due to the expansion of P2VP. More details of the technique can
be found in our previous publications. [63, 62, 100, 64] It is important to note that the
range of temperatures chosen in this study is broader and extends to lower temperatures
than previously used in studies of P2VP thin films.[131, 150, 42] This was done to ensure
that these studies can capture potentially low values of Tg that may arise from enhanced
dynamics at the free surface.
The value of the glass transition for each film at various cooling rates were determined via
the intersection of linear fits to the supercooled liquid and glassy regimes in graphs of film
thickness vs. temperature. An example of such a plot is shown in figure 43. We denote this
value as Tg,avg , which is the same as Tg , under conditions where only one glass transition
is observed in the film. Similar to previous reports, this method of fitting Tg effectively
defines the glass transition in these films as a single extremely broad transition.[63, 62]
When the transition becomes broad enough to resemble two apparent Tg at low cooling
rates (as discussed further in this report), Tg,avg falls somewhere in the midpoint of the two
transitions. To avoid bias in the selection of the two regimes, the supercooled liquid regime
was always chosen to be 393 K-413 K, and the glassy regime was chosen to be 313 K-343
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Figure 42: A)Temperature, B)thickness and C)mean square error profiles for a typical
cooling-rate Tg measurement for a 217 nm film of P2VP. The temperature was held at 413
K for 20 min, then cooled to 313 K at rates of 150, 120, 90, 60, 30, 10, 7, 3, and 1 K/min.
We note that the MSE does not change significantly with temperature, suggesting the only
effect of temperature in our results is from the expansion or compression of the film.
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Figure 43: A typical plot of thickness as a function of temperature. Tg,avg is defined by the
intersection of a linear fit to the supercooled liquid (red) and glassy (blue) regimes
K for thin films (h < 100 nm). All data presented from CR-Tg measurements are based on
values of Tg,avg .

5.4. Results and Discussion
5.4.1. The Dynamical Gradient in Thin Films of P2VP
Figure 44 shows thickness as a function of temperature for a 217 nm and a 33 nm film, both
performed at a cooling rate of 1 K/min. In order to directly compare the two films, both
curves were normalized to their thickness at 413 K. It is important to note that both films
overlay well in the super-cooled liquid regime. The expansion coefficient is strong dependent
on density, therefore the expansion matching in this region implies that the density of the
super-cooled liquid has not been significantly altered in these thin films. As the two films
are cooled, the 33 nm film exhibits a higher onset to the glass transition (around 374 K)
compared to the 217 nm film (around 367 K). This observation supports many previous
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Figure 44: Thickness vs. Temperature at a cooling rate of 1 K/min for a 217 nm film
(black) and a 33 nm film (red). Both expansion curves were normalized to the thickness at
413 K
studies on P2VP films, which show that thin films have higher Tg .[178, 131, 150, 42, 106]
It is worth noting that these previous studies either use fluorescence based techniques down
to 340 K[150, 42], or use ellipsometry with a longer sampling rate than the one performed
here (every 30 seconds at 2 K/min[131] vs. every 6 seconds at 1 K/min). If the films in this
study are cooled below 340 K, an interesting phenomenon occurs. At 345 K, the 33 nm film
exhibits a decrease in its expansion coefficient compared to that of the 217 nm film. If this
represents the offset of an extremely broad glass transition, then it suggests that films as
thick as 33 nm exhibit a wide gradient of dynamics where slow portions of the film at the
substrate fall out of equilibrium at higher temperatures, and fast portions of the film fall out
of equilibrium at lower temperatures. Madkour et al. observed a similar broadening of the
Tg signature in DSC scans of P2VP films, and associated the broadening with a separation
of enhanced surface and hindered substrate dynamics.[106] While calorimetry is limited by
a minimum thickness at which an accurate heat capacity can be measured, ellipsometry is
capable of measuring Tg down to a thickness of 8 nm.[63] Therefore, ellipsometry provides

86

Figure 45: Thickness vs. Temperature at a cooling rate of 1 K/min for a 16 nm film. Two
apparent Tg s and three distinct regions of expansion are present in this films, supercooled
liquid (red), interphase (green), and glassy (blue).
a unique ability to study the further separation of the limits of dynamics within a film at
lower thicknesses.
Figure 45 shows thickness as a function of temperature for a 16 nm film at a cooling
rate of 1 K/min. In this thinner film, the broadening of the glass transition has grown,
such that three distinct areas of expansion (highlighted in figure 45) and two Tg s are
present. Values for the two Tg s can be determined through the intersections of a linear
fit to each of the three regions of expansion. For a 16 nm film, the low temperature
Tg,low is at 334 K pm 2 K, while the high temperature Tg,high is at 385 K pm 2 K. It is
noted that if the film is treated as having a single broad Tg the resulting Tg,avg is 358
K pm 2 K. Figure 46 shows all three of these Tg values as a function of film thickness
at a cooling rate of 1 K/min. As seen in figure 46, Tg,high increases with decreasing film
thickness, which follows the previously observed trend of substrate driven Tg s in P2VP thin
films.[178, 131, 150, 42, 106] Furthermore, Tg,low decreases with decreasing film thickness,
which agrees with the effect an enhanced surface layer has on polymer thin films with neutral
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Figure 46: Thickness dependence of Tg,avg (black circles), Tg,high (red triangles), and Tg,low
(blue upside down triangles)
substrate interactions.[52, 53, 158, 44, 134, 42, 189, 43, 177, 149, 63, 59] It is known that
both an adsorbed substrate layer[119, 148, 98, 22, 134] and enhanced free surface layer[129]
exist in thin P2VP films, so the growing separation between Tg,high and Tg,low supports
the conclusion made by Madkour et al. that the two regions of dynamics connect over the
length of the film to produce a large gradient of dynamics.[106] Moreover, the three distinct
regions of expansion in a 16 nm P2VP film (figure 45) suggest that in thin enough films,
and at slow enough cooling rates it is possible for the substrate and free surface dynamics
to completely decouple.
While uncommon, such a phenomenon has precedent in polymers confined to nanopores,[97,
96] and in free standing films of polystyrene.[136, 137] Similar to the trends observed in
figure 46, entangled PMMA exhibits two distinct Tg s when confined to an 80 nm nanopore,
one above the bulk Tg and one below,[97] and the separation of Tg,high and Tg,low of
oligomeric PMMA in nanopores increases when the nanopore size decreases from a diameter of 300 nm to 80 nm.[96] Both nanopore studies associate the presence of multiple
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Tg s with a ring of adsorbed PMMA around a cylinder of PMMA with faster dynamics.
While such complete segregation of the adsorbed and enhanced P2VP layers has not been
previously observed[178, 131, 150, 42, 106], the observation of two Tg s in free standing
polystyrene films shows the importance of a broad temperature range when performing Tg
with ellipsometry.[136, 137] These studies are able to measure the thickness of free standing
polystyrene films at higher temperatures than had been previously measured,[109, 53, 180]
and as a result were able to observe a Tg,high .[136, 137] The temperature range in this experiment was extended to 413 K, thus allowing for the detection of a previously unobserved
Tg,low .
5.4.2. Cooling Rate Dependent Tg Studies
Despite the aforementioned single Tg measurements exhibiting a growing gradient of dynamics in ultra-thin films of P2VP, cooling rate dependent studies can be used to provide
more detailed information about the effect of interfacial dynamics on the overall dynamics
of a film.[63, 47, 91, 77, 59, 62, 95] Figure 47 shows the evolution of a Tg curve for a 16 nm
P2VP film at many different cooling rates. The separation of Tg,high and Tg,low increases
with decreasing cooling rate, suggesting that dynamics of the substrate and the free surface deviate at low cooling rates, when slower relaxation times are being probed within the
film. A similar trend was observed in ultra-thin polystyrene films, where the effect of Tg
reduction is accentuated at slow cooling rates when the relaxation times of the bulk and
free surface differ most.
A further examination of the interplay between substrate and free surface effects within these
films can be achieved through an analysis of the thickness dependence of Tg,avg at many
cooling rates. Tg,avg is used for this analysis because it an effective measure of the weighted
average of the two interfacial dynamics, such that if Tg,avg is higher than the bulk Tg , then
the slow dynamics at the substrate are driving the overall dynamics of the film. Conversely,
if Tg,avg is lower than the bulk Tg , then the film is dominated by the enhanced free surface
relaxation time. Figure 48 shows Tg,avg as a function of film thickness at cooling rates of 120,
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Figure 47: Offset Thickness vs. Temperature of a 16 nm P2VP film at cooling rates of 30
K/min (black), 10 K/min (red), 3 K/min (blue), and 1 K/min (green). The Tg of these
films broadens, and eventually separates into two distinct Tg s. The arrows provide guides
to the eye.
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Figure 48: Tg,avg as a function of film thickness for P2VP films at cooling rates of 120
K/min (black circles), 60 K/min (red squares), 10 K/min (blue triangles), and 1 K/min
(green diamonds).
60, 10, and 1 K/min. For a given thickness, Tg,avg decreases with decreasing cooling rate,
consistent with previous CR-Tg measurements.[63, 47, 91, 77, 59, 62, 95] However, unlike
these previous measurements where only Tg reductions were observed, figure 48 shows that,
at a cooling rate of 120 K/min, Tg,avg increases from 374 K ± 1 K to 380 K ± 2.5 K as the
thickness of the film is decreased from 217 nm to 16 nm. Additionally, the Tg,avg of a 16
nm film does not change significantly at a cooling rate of 10 K/min, and even decreases 9
K from the thick film Tg,avg at a cooling rate of 1 K/min.
To further analyze the average dynamics of P2VP films, we can construct an Arrhenius plot
of log (Coolilng Rate) as a function of 1/Tg,avg as shown in fig 49. The cooling rate of the
experiment is inversely related to the structural relaxation time (τα ) at the temperature
that the system falls out of equilibrium at Tg . When a liquid is cooled at a faster rate, it
falls out of equilibrium at a higher temperature, where τα is shorter. As such, plotting the
data in this manner elucidates subtle changes in the dynamics of thin films that are hard to
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Figure 49: Log (CR) as a function of 1/Tg,avg for P2VP films with thicknesses of 217 nm
(black circles) 33 nm (red squares), and 16 nm (blue triangles)
detect through single Tg measurements[63, 47] and the slope of the curve in the plot should
inform us about the apparent activation barrier for mobility in these films. The dashed line
in figure 49 represents a Volgel Fulcher Tamman (VFT) fit to bulk CR-Tg data determined
by Madkour et al.[106] The strong agreement between the CR-Tg data of the 217 nm film
from this study, and previous bulk measurements shows that the cooling rates in this study
are well calibrated.
The first observation of note in figure 49 is that the apparent activation barrier for ultrathin films decreases from the bulk value as the film thickness decreases. In previous CR-Tg
studies, the reduced apparent activation barrier in ultra-thin films has been related to film
dynamics becoming more surface-like.[63, 62] Furthermore, these studies show that the average thin film dynamics, without fail, fall bewtween the bulk and surface relaxation processes
suggesting that the gradient present in ultra-thin polystyrene films ranges between those
two limits.[63, 62] In the P2VP films presented here, the weaker temperature dependence
of thin film CR-Tg data still suggests the presence of a broad gradient within the film due
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to the separation of interfacial dynamics, however the limits are different. The adsorbed
substrate layer has slower dynamics than the bulk,[119, 148, 98, 22, 134] and we hypothesize most likely has a strong temperature dependence. Therefore we hypothesize that the
decrease in the apparent activation barrier in thin films comes from the increased presence
of an enhanced mobile layer[129] with a temperature dependence to its relaxation time
that is weaker than the bulk, similar to that of polystyrene.[172, 140, 46, 130] A weaker
temperature dependence to the dynamics at the free surface is further supported by the
increase in Tg,avg at rates faster than 30 K/min. If the temperature dependence of the free
surface is weak, than the dynamics of the air/polymer interface at fast rates should be closer
to that of the bulk, and thus the slow substrate should dominate the overall dynamics of
the film, resulting in an increased Tg,avg . It is impossible to make this claim definitively
based purely on CR-Tg data, because CR-Tg experiments inherently treat the film as having a single average relaxation time. Isothermal fluorescence measurements,[130] nanohole
relaxation,[46] or surface embedding measurements[172, 140] must be performed on P2VP
films to determine an actual measure of the dynamics at the air/polymer interface. The
temperature dependence of substrate dynamics are much more difficult to measure experimentally, thus new techniques must be developed to test the dynamics at this interface
quickly and accurately.

5.5. Conclusions
In this report, ellipsometry was used to show the presence of two Tg s in supported polymer
films for the first time. The segregation of the two Tg s in poly (2-vinyl pyridine) thin
films not only becomes more apparent in ultra-thin films and at slow cooling rates, but
the values of Tg,high , and Tg,low follow previous trends of the effect of substrate and free
surface interactions, respectively, suggesting that the length scale of this gradient can reach
at least 33 nm. Additionally cooling rate dependent Tg were performed. The large gradient
of dynamics present in the single Tg experiments further exhibits itself in the cooling rate
studies via the lower apparent activation barrier in ultra-thin films. While additional studies
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must be performed to determine the temperature dependence of the relaxation times of
the polymer/substrate and air/polymer interfaces, the intersection of thin film and bulk
dynamics suggests that the free surface has a weaker temperature dependence which diverges
from the substrate layer at lower cooling rates. Furthermore, the presence of such a large
gradient of dynamics in these films motivates future work to locate the presence of such
gradients, and assign their length scales.
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CHAPTER 6 : Characterizing the Tilt Angle and Aggregation of Polymer
Nanocomposites
Characterizing the Tilt Angle and Aggregation of Gold Nanorod Polymer Nanocomposites, Ethan C Glor, Robert C Ferrier, Chen Li, Russell J. Composto, and Zahra Fakhraai.
Manuscript in preparation.

6.1. Abstract
In this work, we utilize spectroscopic ellipsometry as a one stop shop characterization technique for polymer nanocomposites. Specifically, we characterize polymer thin films containing gold nanorods (AuNRs) using traditional characterization techniques (e.g. UV/Vis and
SEM) and compare the results to spectroscopic ellipsometry. We show that ellipsometry is
able to predict parameters such as gold nanorod aggregation state and the resulting change
in optical properties as measured by localized surface plasmon resonance (LSPR). These
parameters that are usually determined by a combination of SEM and UV/Vis studies,
can easily and quickly be determined using ellipsometry. Furthermore, ellispmetry provides
information that cannot be easily characterized by these techniques, such as the orientation
of the AuNRs in the polymer matrix, the orientation order parameter, and the film thickness. We find that spectroscopic ellipsometry is far more efficient and less costly than these
techniques and can be readily used for in-situ studies.

6.2. Introduction
The incorporation of nanoparticles into polymer matrices presents unique opportunities for
novel functional materials owing to the processability of polymers and diverse property sets
of the nanoparticles themselves. For example, nanosized fillers have been added to polymers to enhance tensile strength,[6, 102, 99] and improve ionic[60, 81, 170] and electrical
conductivity.[35, 183, 184] The properties of the resulting nanocomposite depend not only
on the specific type of particle used, but also how the particles disperse or assemble within
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the matrix. For instance, gold nanorods well-dispersed in a polymer matrix[74] exhibit
wildly different plasmonic behavior than those assembled side-by-side[48] or end-to-end.[49]
Understanding how and why nanoparticles assemble in polymer matrices is paramount to
achieving better control over nanocomposite property sets. As such, much theoretical and
experimental work has been done in this area.[55, 67, 165, 141] However, as our understanding and control over nanocomposite systems has advanced, the need for new characterization
techniques that are both robust and facile has also become apparent.
Currently, multiple techniques are needed to characterize a polymer nanocomposite sample. For example, to fully characterize a polymer thin film of gold nanorods, we utilize
electron microscopy (dispersion), UV/visible spectroscopy (absorbance), and reflectometry
(film thickness).[74, 49, 48] While this combination of techniques provides a wealth of information for our sample, the process is cumbersome, time consuming, and far from exhaustive.
Information like nanorod depth and z-orientation angle must be determined through other,
even more time consuming and costly characterization methods. Conversely, ellipsometry
is an analytical method which models the optical properties, and the thickness of a film
through changes in the polarization of the incident broad-spectrum light, when reflected
off a sample in a single rapid measurement. Ellipsometry measurements performed at multiple angles have been used to measure the optical birefringence[29, 100] and characterize
the in- and out-of-plane orientation order parameter of linear small-molecule organic thin
films [192, 191, 193] and exceptionally stable glasses.[30] The plasmonic properties of gold
nanorods, and the inherent anisotropy of the shape of the rods suggests that multi-angle ellipsometry measurements could characterize small changes in the in-plane order of polymer
nanocomposites that are difficult or impossible with other methods.[10, 181, 185, 124, 61]
In this work, we utilize a novel spectroscopic ellipsometric technique as a one stop shop
to fully characterize polymer nanocomposite samples containing gold nanorods. Through
this technique we have determined optical birefringence, in and out-of-plane orientation,
and aggregation state of thin film nanocomposites. Previously, at least three different
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characterization methods would be needed to determine all of these properties.

6.3. Experimental Methods and Results
Polymer nanocomposite thin films containing gold nanorods (AuNRs) were prepared on
various substrates. AuNRs (length = 35 nm, diameter = 11 nm) were synthesized as
reported elsewhere,[74, 49, 152, 123] and were grafted with 11.5 kg/mol thiol terminated
polystyrene (PS) (Mn = 11500 kg / mol (index of polymerization (NPS) = 110)). Free
polymer of PS (Mn = 1 kg/mol or 90 kg/mol) or poly(methyl methacrylate) (PMMA)
(Mn =1 kg/mol or 77 kg/mol) (ca. 1 wt%) was added to a solution of AuNRs in toluene.
Polymer thin films (thickness ca. 50 nm) were fabricated via spin-casting of the free polymer
/ AuNR solution onto a Si wafer (for SEM imaging), a glass cover slip (for UV/Visible
spectroscopy), and a single side frosted glass slide (for spectroscopic ellipsometry) at 2000
RPM for 60 seconds. The final loading percentage of AuNRs in the polymer matrix was
controlled through dilution of the AuNR solution prior to addition of the free polymer.
Nanocomposite films were characterized by SEM, UV/Vis, and spectroscopic ellipsometry
(J.A. Woolam). Figure 50 contains the results of each characterization method for a typical
nanocomposite film, namely AuNRs in a 1 kg/mol PMMA matrix at a loading of 4%. Figure
50a is a representative SEM image of AuNRs in a PMMA thin film. The AuNRs appear
well dispersed within this matrix, consistent with previous work.[48] The dispersion state is
quantitatively characterized through a cluster analysis of SEM images (Figure 50b), where
ca. 87.5% of the clusters consist of individual AuNRs.
The optical properties of these nanocomposites have been determined via two methods,
UV/Vis spectroscopy (Figure 50c) and spectroscopic ellipsometry (Figure 50d). While
ellipsometry does not directly produce an absorbance spectrum, the raw data can be fit
to obtain the real (n) and imaginary (k) components of film’s effective index of refraction
(discussed in the next paragraph). K, also known as the extinction coefficient can be directly
compared to a UV/Vis spectrum. As observed in Figures 50c and d, the spectra produced
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Figure 50: A) An SEM image of AuNRs in a 1 kg/mol PMMA matrix B) Cluster analysis
of the SEM Image C) UV/VIS and D) Ellipsometry spectra of the nanocomposite
by UV/Vis and ellipsometry closely agree. The two peaks present in both spectra represent
the longitudinal and transverse LSPR modes of the nanorods. The longitudinal LSPR (LLSPR) is observed to be 757 nm and 751 nm with UV/Vis and ellipsometry, respectively.
Similarly, the transverse LSPR (T-LSPR) is determined to be 548 nm and 555 nm using
UV/vis and ellipsometry, respectively. SEM images and UV/Vis and Ellipsometry spectra
for other samples studied here can be found in Figures 51-53).
The method used to fit the raw ellipsometry data is central to the rest of this work and thus
warrants discussion. Figure 55a contains an example of ψ(λ) (red) and δ(λ) (green) as a
function of wavelength,λ, at various angles of incidence (50◦ -70◦ ). ψ(λ) and δ(λ) relate to
r

the ratio of the reflection coefficien of light at two orthogonal polarizations ( rps = tan(ψ)eiδ ).
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Figure 51: A) An SEM image of AuNRs in a 5 kg/mol PS matrix B) Cluster analysis of
the SEM Image C) UV/VIS and D) Anisotropic ellipsometry spectra of the nanocomposite
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Figure 52: A) An SEM image of AuNRs in a 90 kg/mol PS matrix B) Cluster analysis of
the SEM Image C) UV/VIS and D) Anisotropic ellipsometry spectra of the nanocomposite
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Figure 53: A) An SEM image of AuNRs in a 77 kg/mol PMMA matrix B) Cluster analysis of
the SEM Image C) UV/VIS and D) Anisotropic ellipsometry spectra of the nanocomposite
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All fits began with the transparent region (1000-1600 nm) being fit to the cauchy equation
n(λ) = A +

B
λ2

+

C
λ4

in order to determine the thickness of the film. Fitting this region

allows us to fit the thickness of the film independently of the plasmon excitations of the
nanorods. Then, the fit was extended to lower wavelengths, where the material is absorbing
through an isotropic wavelength-by-wavelength, which was set to be Kramers Kronig consistent. This brute force method fits an independent variable to each data point obtained in
measurements. To reduce the number of independent variables and fit the optical constants
of the nanocomposite film, the L-LSPR and T-LSPR were fit with a series of oscillators.
It was observed that a number of five oscillators were required to accurately represent the
dielectric constants. The five oscillators can generally be split into two categories, three that
fit the L-LSPR and T-LSPR peaks, and two that fit the general properties of gold at low
wavelengths (λ < 500 nm). The L-LSPR peak is naturally broad due to size distribution
of the nanorods, and thus this peak was fit with two Gaussian oscillators. The T-LSPR
is much weaker, so it was fit with a single Gaussian oscillator with an increased breadth
in order to encompass the size distribution of the width of the nanorods. One could stop
here. The difference between the isotropic and anisotropic fit in Figure 54 is an example of
a three oscillator fit, which can show a drastically increased fit quality upon the addition
of anisotropy. This is sample dependent, however. If there happens for whatever reason
to be a weaker signal, then the T-LSPR can merge into the general optical properties of
gold at wavelengths λ < 500 nm. When this happens, the T-LSPR peak broadens and
interferes with the fit for the L-LSPR. This can result in unphysical fits (ie. Oscillators
with unreasonable parameters or unphysical anisotropy results).
To avoid this problem, two additional oscillators were added to each fit to describe the
general optical properties of gold at λ < 500 nm. While we have limited sensitivity when
λ < 450 nm, the addition of these oscillators leaves the oscillators representing the L-LSPR
modes unperturbed when anisotropy is added to the model. To avoid over fitting the data
upon the addition of anisotropy, the two oscillators at λ < 500 nm were locked to their
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Figure 54: A) Isotropic fit to ψ and δ with an MSE of 4.1 B) Anisotropic fit to ψ and δ
with an MSE of 1.3
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isotropic values. An anisotropic fit with the five oscillator model does not show as large a
decrease in MSE in comparison to the isotropic fit, but the fit still improves by more than
15% for every sample, signifying a real change in the fit quality.
Figure 55 applies Such a model, and 55a shows that this method provides a strong fit
to the raw ψ and δ data, with a mean square error (MSE) of 1.25. The oscillators used
for this fit are all Gaussian oscillators and the parameters are as follows: Oscillator 1
Gaussian, Amp: 0.128361, Breadth: 0.2898, Energy: 1.709 eV. Oscillator 2 Gaussian,
Amp: 0.175989, Breadth: 0.2231, Energy: 1.654 eV. Oscillator 3 Gaussian, Amp: 0.079855,
Breadth: 1.1096, Energy: 2.164 eV. Oscillator 4 Gaussian, Amp: 0.046290, Breadth: 0.5333,
Energy: 3.001eV.
Figure 55b is the resulting real (0 ) and imaginary (”) components of the dielectric constant.
It is clear from this spectrum that even in low loading percentages of AuNRs, (i.e. 4%),
and at the low film thicknesses used here (60 ± 1 nm) spectroscopic ellipsometry is able to
capture both of the aforementioned plasmon resonances present in AuNRs.

6.4. Results and Discussion
6.4.1. Analysis of In-plane Ordering and Tilt Angle
Sampling ψ and δ over many angles of incidence allows for the detection of small differences between the films in-plane (XY on the diagram in Figure 56) and out-of-plane (Z
on the diagram in Figure 56) indices of refraction. It is noted that with a singular sample
orientation it is impossible to detect any in-plane anisotropy (differences between X and Y
directions). However, SEM shows that the nanorods are isotopically oriented in the plane
of the film, and thus treating the in-plane index as isotropic is a fair assumption. Figure
56 contains both the in plane (kxy ) and out of plane (kz ) extinction coefficients of the same
film as depicted in Figure 50. Both spectra have been normalized to the height of the
LSPR peak, with no other shift factors. The orientation order parameter (S), a measure of
the extent of dipole orientation normal to the plane of the film can be calculated via Eq
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Figure 55: A) Raw ψ (red solid lines) and δ (green solid lines) data at many angles of
incidence with the corresponding model (black dashed line). B) The resulting 0 (red line)
and ” (green line) optical constants with the corresponding oscillators used to fit ” (gray
lines)
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Figure 56: kxy (green) and kz (orange) for AuNRs in a 1 kg/mol PMMA matrix as determined via multi-angle ellipsometry (dashed lines) and FDTD simulations (solid lines). The
insets are snapshots of FDTD simulations for both the L-LSPR and T-LSPR modes.
6.1.[192, 191, 193, 30, 29, 100]

S=

kz − kx,y
3 < cos2 θ > −1
=
kz + 2kx,y
2

(6.1)

In this case, the order parameter is based on the index anisotropy at the wavelength of the
L-LSPR peak. The values of S range between -0.5 ≤ S ≤ 1, where -0.5 ≤ S < 0 represents
a sample with mostly in-plane AuNRs, 0 < S ≤ 1 represents a sample with mostly outof-plane AuNRs, and S = 0 represents an isotropic sample, either from randomly oriented
nanorods or isotropic particles, such as nanospheres. The nanocomposite measured in figure
56 has an order parameter of S = -0.32, suggesting that while the nanorods are mostly in
plane, they are not, on average, perfectly horizontal.
As seen in Eq. 6.1 the order parameter is related to an ensemble-averaged range of tilt
angles of the AuNRs. To roughly determine this range of angles, finite-difference time-
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domain (FDTD, Lumerical FDTD Solutions Version 8.11) simulations were performed on
a single AuNR in a PMMA matrix. Details in the simulation setup have been described in
our previous publication.[70, 151] In a typical simulation, a single AuNR was modelled as
cylinder with two semi-spherical ends, with a refractive index profile of gold included in the
Lumerical FDTD Solutions package. The length and diameter of the rod was extracted from
SEM images and set to 34 nm and 12 nm, respectively. The size was verified by comparing
the simulated far-field extinction spectrum with the experimental UV-Vis results. The
model was then excited by a 1.33 fs broadband total-field scatter-field (TFSF) pulse source
with a background index of 1.49, mimicking the PMMA matrix, and perfectly matched
layer (PML) boundary conditions in all dimensions.
The effective polarizability matrix of a single rod was calculated by running two simulations
with the electric field polarization along (L-LSPR) and normal (T-LSPR) to the long axis of
the nanorod, respectively. The effective electric permittivities, and thus refractive indices
of an array of randomly positioned nanorods, either all oriented normal to the plane of
the film (nl ) and in the plane of the film (nt ) were calculated by applying the ClausiusMossotti relation under the dipole approximation,[87, 3, 2] using realistic average interparticle distances (See Figure 57).
The anisotropic indices of the nanorod composite film were then calculated through an
ensemble calculation of nanorods with isotropic order in the XY plane, but with a range
of possible orientation angles (θ in Figure 58), where θ is the angle between the rod and a
vector normal to the film surface, and φ is the angle between the x-axis and the xy-plane
projection of the rod orientation. The effective refractive indices can then be calculated
from Eq 6.2 and 6.3.

< 1 − sin2 θ > sin2 φ < sin2 θ > sin2 φ
1
+
=
n2xy
n2l
n2t
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(6.2)

Figure 57: Effective refractive index calculations for L-LSPR (a) and T-LSPR (b) Modes
based on FDTD simulations of a single AuNR and Clausius-Mossotti relation. Insets show
the near-field intensity distribution around the modeled AuNR at resonance with corresponding incident polarizations
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Figure 58: Schematic diagram for the average AuNR orientation calculation under A) inplane and B) out-of-plane incident polarizations
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1
< cos2 θ > < sin2 θ >
=
+
n2z
n2l
n2t

(6.3)

The resulting spectrum for rods with a range of tilt angles ranging from 60◦ ≤ θ ≤ 90◦ can
be seen in Figure 56. As observed in Figure 56, both the peak positions of the simulated
LSPR and TSPR modes, and the anisotropy agree well with the ellipsometry spectra. The
simulated spectra are narrower, because they do not contain size and shape heterogeneity.
To further test the robustness of this technique, temperature shape evolution studies were
performed. As previously shown by Composto et al.,[101] AuNRs undergo shape evolution
into gold nanospheres when held at 200◦ C for 24 hours. Figure 59a shows an SEM image
of a sample with AuNRs in a 5 kg/mol PS matrix that have almost become completely
spherical after being heated for 24 hours at 200◦ C. Figure 59b shows the spectral effects
of this transformation via ellipsometry. Similar to previous reports,[101] the L-LSPR peak
weakens and blue shifts from 760 nm to 620 nm as the L-LSPR and T-LSPR peaks merge
into the single plasmon resonance signature of a gold nanosphere. Furthermore, a qualitative
analysis of the anisotropy data in Figure 59b shows that in addition to the peak shift, the
anisotropy of the L-LSPR peak also decreases, signifying the transformation into isotropic
spheres.
The transformation of the anisotropy is quantified further in Figure 59c, which shows the
order parameter as a function of annealing time for nanocomposites with a 5 kg/mol PS
matrix (SP S ) and a 1 kg/mol PMMA matrix (SP P M M A ) over the first 4 hours of transformation. After the first two hours of heating, SP S and SP P M M A increase from -0.29 to
-0.05 and -0.26 to -0.15, respectively. Figure 59d shows the L-LSPR peak wavelength as
a function of annealing time. Almost immediately, a blue shift in the L-LSPR is observed
from approximately 700 nm to 620 nm for films with either a PS or PMMA matrix. Once
this shift occurs, however, the peak wavelength of the L-LSPR does not move significantly.
Previous temperature evolution studies show that little shape transformation occurs over
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Figure 59: A) An SEM image of a nanocomposite in a 5 kg/mol PS matrix that has been
heated at 200◦ C for 24 hours. B) Anisotropic ellipsometry data over 5 hours of heating.
C) order parameter as a function of annealing time for nanocomposites in a 5 kg/mol PS
matrix (circles) and a 1 kg/mol PMMA matrix (squares) D) L-LSPR peak wavelength as a
function of annealing time for the PS (circles) and PMMA (squares) samples
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Figure 60: Anisotropic ellipsometry data after 24 hours of heating for a sample with a 1
kg/mol PMMZ matrix
such short time scales, suggesting that the change of the peak wavelength must come from
the change in the index of the polymer matrix as the film is heated Furthermore, the short
term loss of anisotropy must originate from the reorientation of the nanorods in the polymer melt as the temperature is raised above Tg . The significant difference in SP S and
SP P M M A after an annealing time of two hours originates from PS having a lower surface
energy than PMMA. Because of this, the PS brush preferentially segregates to the surface
as the nanocomposite is heated, holding the AuNRs more horizontal. No such energetic
effects hinder the reorientation of AuNRs in a PS matrix, and thus the composite becomes
more isotropic over shorter annealing times. This trend persists until the nanopartilces
become isotropic spheres after 24 hours when the order parameter becomes equal to zero.
The ellipsometry data of a fully transformed sample can be seen in figure 60
6.4.2. Analysis of AuNR Aggregation
Ellipsometry can also detect the aggregation of AuNRs in a polymer matrix. Figure 61a is
a representative SEM image of AuNRs in 77 kg/mol PMMA. In this case, the AuNRs are
112

Figure 61: A) An SEM image of a nanocomposite in a 77 kg/mol PMMA matrix. B) Cluster
analysis of the SEM image C) UV/Vis spectra for nanocomposites with a 1 kg/mol PMMA
matrix (silver line) and a 77 kg/mol PMMA matrix (green line) D) Ellipsometry spectra
for nanocomposites with a 1 kg/mol PMMA matrix (silver line) and a 77 kg/mol PMMA
matrix (green line)
aggregated, characterized by rafts of AuNRs. The aggregation of this sample was quantified through cluster analysis, Figure 61b, and only 11% of detectable clusters consisted of
individual AuNRs. Figure 61c and d, shows UV/Vis and ellipsometry spectra for nanocomposites in both a 1 kg/mol and 77 kg/mol PMMA matrix, respectively. Similar to previous
experiments,[48] as aggregation increases the L-LSPR peak blue-shifts signifying the sideby-side ordering of the AuNR rafts. UV/Vis (Figure 5c) shows a 44nm blue shift from 757
nm in 1 kg/mol PMMA to 713 nm in 77 kg/mol PMMA. Ellipsometry depicts a very similar
48 nm blue shift from 748 nm in 1 kg/mol PMMA to 700 nm in 77 kg/mol PMMA.
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Figure 62 shows that the results of analyses of the data produced from our ellipsometric
technic for nanocomposites in both PS and PMMA matrices compare favorable with UV/Vis
data. First, we compare the optical properties as determined by UV/Vis and ellipsometry by
plotting the L-LSPR peak position against the % of individual AuNRs (Figure 62a). Here,
we see a similar trend, as aggregation increases (i.e. % of individual AuNRs decreases)
there is a blue shift in the L-LSPR, which is captured by both UV/Vis and ellipsometric
techniques. The relative shifts due to aggregation for each sample is similar between both
techniques, but the absolute position of the LSPR peak is different between the techniques
by ca. 10-20 nm for PMMA films and ca.40 nm for Ps films. This discrepancy could be
due to the relative sensitivity of UV/Vis in the near-IR region resulting in sharper apparent
L-LSPR peaks. However the larger difference between LSPR peak positions in PS films is
unknown.
Ellipsometry, however, allows for further characterization of aggregation in these nanocomposites through the analysis of hte in-plane ordering as aggregation increase. Figures 51-53
shows Figure 62b shows the resulting order parameters as a function of % individual AuNRs.
As the system becomes more aggregated the order parameter increases from -0.3 (5 kg/mol
PS) to -0.19 (77 kg/mol PMMA), signifying that the nanocomposite lose in-plane ordering
as the AuNRs aggregate.

6.5. Conclusion
Herein, we have reported on the utility of using spectroscopic ellipsometry for the characterization of polymer nanocomposites. We have shown that a single, quick spectroscopic
ellipsometry experiment can completely capture the physical parameters such as order parameter, aggregation state, optical properties, and in-plane orientation of AuNRs in polymer thin films. Typically, two or more different techniques are needed to acquire all of
these parameters. This technique is generalizable to other polymer nanocomposite systems.
Furthermore, due to the wide range of physical parameters that can be determined using
only this method and the rapid nature of data collection, this technique could be easily
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Figure 62: A) LSPR peak wavelength as a function of % isolated nanorods B)Order parameter as a function of % isolated nanorods.
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customizable to mass production methods.
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CHAPTER 7 : Future Work
7.1. Future Polymer Studies
Despite numerous studies representing over 20 years of literature observing effects of enhanced surface mobility[52, 53, 158, 44, 134, 42, 189, 43, 177, 149, 63, 59, 172, 140, 46,
140, 130] or slow dynamics near a substrate,[119, 148, 98, 22, 134, 178, 131, 150, 42] the
concept of local areas of dynamics affecting larger scale film dynamics remains a source of
controversy.[39, 155, 77, 14, 41, 174] The work presented in this report extensively describes
experiments which seek to determine length scales of the propagation of dynamics through a
wide range of glassy systems. It is these questions of the length scale of correlated dynamics,
and its universality in glassy systems that is most interesting for future projects.
In the immediate time frame, aging studies must be performed on thin P2VP films to prove
that there are in fact two Tg s, meaning that two distinct transitions exists as opposed to
a single one that is extremely broad. Aging is a process by which an out of equilibrium
glass slowly evolves towards an equilibrium state. Therefore, if Tg,low is a true Tg , then,
at temperatures above Tg,low , a portion of the film has maintained equilibrium, and by
definition should not age. Below Tg,low , the entire film would be out of equilibrium and
thus the film would age at a slower rate than it would above Tg,low . These experiments
would be based off of those of Pye et al [137] where they observed a change in the aging rate
above and below the second Tg . Additionally, if the presence of multiple Tg,low is caused
by the separation of the dynamical gradients within a film, then it should be possible to
observe two Tg s in supported polystyrene films as well. Unlike P2VP, however, polystyrene
has neutral substrate interactions, meaning that the dynamical gradient that would be
separated at low relaxation rates is the enhanced mobile layer and bulk dynamics rather
than the free surface and a dynamically dead layer at the substrate. Such a phenomenon has
been observed in free standing films, where the effect of the surface mobile layer is greater
than in supported films.[136, 137] Regardless of the weaker interfacial effect, as shown in the
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polystyrene chapter, we have observed what could be a second Tg in supported polystyrene
films for the first time. The problem with this observation, however, is that the Tg,low
of polystyrene occurs at temperatures where it is impossible to rule out the presence of
water condensation on the surface of the film. To prove the presence of two Tg s in this
case, we will need to perform CR-Tg measurements in vacuum, where condensation is not a
factor.We are currently machining a new apparatus, which would allow us to perform these
experiments.
The length scale of glassy dynamics, and the universality of the propagation of interfacial
dynamics is also an interesting problem that warrants future study. Similar to direct measurements of the free surface of polymer glasses[172, 140, 46, 140, 130] the free surface of
small organic glass formers also exhibit enhanced mobility.[198, 15, 197, 107, 117] Additionally, recent experiments performed in our lab by Yue Zhang observe that, not only is the free
surface of small molecular glasses enhanced, but it also has a long range length scale. By
studying the differences in interfacial dynamics and length scale between small molecular
glasses and polymers through experiments on small molecular weight polystyrene, we can
gain insight into secondary effects such as the effect of a polymer chain on the mobility
gradient of the polymer.

7.2. Plasmonics
Our ability to detect plasmon resonances of nanoparticles with ellipsometry is an incredibly
exciting development, which opens up new opportunities for research. Primarily, it allows
us to quickly and accurately characterize the anisotropy and in-plan ordering of AuNRs
during the fabrication process. In the short term, film thickness dependence studies and
polymer swelling studies could give insight into what drives orientation in nanocomposites,
and what might be done to selectively orient the nanorods. Furthermore, annealing studies
could give us insight into a measurement of thin film viscosity. As discussed previously,
nanocomposites become more isotropic during short annealing times as the AuNRs can
reorient once the polymer goes through the glass transition. If the rate of reorientation can
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be accurately measured, than that rate should be related to the viscosity of the film.

Figure 63: A typical plot of ψ(λ) (red) and δ(λ) (green) for the dewetted gold nanoparticles
used in this study
Additionally, our ability to analyze the optical properties of nanoparticles in situ opens
up this method to characterize nanoparticle based processes such as molecular sensing
or chemical reactions. Preliminary work in collaboration with the Borguet group out of
Temple University has sought to use ellipsometry to test the efficacy of gold nanorods as
hydrogen sensors. In these experiments, a gold film is sputtered onto a glass substrate, and
then annealed such that the film has completely dewetted into nanoparticles. This film is
then placed on the ellipsometer in a sealed chamber connected to a source of nitrogen and
hydrogen gases. An example of the raw ψ(λ) and δ(λ) can be found in figure 7.2. The
model used to fit this data was similar to the aforementioned nanocomposite procedure.
The resulting real (0 (λ)) and imaginary (”(λ)) can be seen in figure 64. The sample was
exposed to an initial flow of nitrogen for 30 minutes to attain a baseline for the strength
of the imaginary part of the dielectric constant (”). The sample was then exposed to
hydrogen, purged with nitrogen, and finally exposed to air.
The strength of the absorption peak of ” is plotted as a function of time in Figure 65. It
is clear from figure 65 that the optical properties of the gold nanoparticle undergo a subtle
change upon the addition of H2 . Furthermore, when H2 is removed via the removal of the
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Figure 64: ”(λ) before (black) and after (red) exposure to H2
stage lid, the strength of ” returns to it’s previous level. The proposed mechanism for this
change in the strength of the peak in ” is that the optically excited plasmon resonance
from the gold nanoparticle creates a high energy electron, to which H2 can bind, generating
a layer of AuH. The presence of AuH causes the blue shift in ” upon the addition of
H2 . While we are still performing studies to confirm the mechanism, the significance of
this result, again, comes from the technique. Other methods for measuring the optical
properties are far less sensitive, and/or extremely difficult to perform. Ellipsometry, on the
other hand, is a simple technique that is able to detect a sub monolayer of hydrogen on the
surface of gold nanoparticles.

7.3. Conclusion
Throughout this report, I have shown the power of ellipsometry to study everything from
polymer dynamics to nanoparticle plasmonics. Through examination of the thickness and
cooling rate dependence of Tg we show that the two interfaces in supported polymer films
can influence the overall dynamics of a film over much longer length scales than those typically associated with cooperative motion. Furthermore, we showed that the gradient of
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Figure 65: ” intensity as a function of time as a film of dewetted gold nanoparticles are
exposed to a first control of N2 (black), H2 (red), a N2 purge (green), and finally upon
exposure to air (blue)
dynamics separates as the interfacial dynamics diverge, generating, in some cases, the presence of two distinct Tg s within a single thin polymer film. Furthermore, using nanoparticle
plasmonics as a probe to study substrate effects, or to attain a measure of thin film viscosity
via nanorod reorientation, would allow us to answer many outstanding questions about the
length scales of the glass transition.
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[2] A. Alù, A. Salandrino, and N. Engheta. Negative effective permeability and lefthanded materials at optical frequencies. Optics Express, 14(4):1557–1567, February
2006.
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